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ABSTRACT 
Due to Earth’s efficient crustal recycling through plate tectonics, the 
remaining physical record of Earth’s first two billion years consists of mineral 
fragments and heavily metamorphosed rocks in isolated Archean cratons.  
Characterization of Earth’s earliest tectonic processes requires investigation of all 
available records; the mineral garnet has been largely overlooked.  The major 
element chemistry and samarium-neodymium (Sm-Nd) isotope ratios preserved 
in fragmented detrital garnet and Archean metamorphic garnet record the timing 
and conditions of early tectonic events. 
This work presents detailed methodology for a new detrital garnet 
geochronometer unlocking age information from previously undateable detrital 
garnet surviving recycling in sediment, sedimentary rocks, and metasedimentary 
rocks.  The new method’s utility is demonstrated by dating garnet from a Scottish 
sedimentary rock and nineteen individual garnet grains from a tributary to the 
French Broad River in the southern Appalachians.  In the southern Appalachians, 
garnet and existing monazite ages overlap (though the mean garnet age is 
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slightly younger) to record the most recent metamorphic event and both are 
younger than inherited zircon ages.  Proof-of-concept testing demonstrating 
protocol development for blank-correction and routine analysis of samples 
smaller than 1 ng advances small Sm-Nd analysis. 
Additionally, this work applies existing Sm-Nd garnet geochronology 
methods to search for garnet older than 2.5 Ga and provide age constraints on 
the complicated metamorphic histories of two Archean cratons.  A search for 
detrital garnet in a sample from the Jack Hills metasedimentary belt of Western 
Australia hosting the Earth’s oldest known terrestrial materials (ca. 4.3 Ga) failed 
to produce garnet.  Instead, two samples collected ~4 km south of the Jack Hills 
belt in the Narryer Terrane were dated to confirm Narryer regional metamorphism 
at ca. 2.6 Ga.  The Acasta gneiss of northern Canada, arguably Earth’s oldest 
known cohesive rock outcrop (ca. 4.0 Ga), produced one of the Earth’s oldest 
known garnet ages.  Garnet ages of ca. 2.95 Ga constrain the timing of Archean 
metamorphism and the data also indicate potential for preservation of even older 
garnet.  Finally, a compilation of published garnet ages in the literature is 
presented to summarize the community’s progress in the search for Earth’s 
oldest garnet. 
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CHAPTER 1: Introduction and Overview 
1.1 Motivation and theme 
Full characterization of Earth’s first two billion years of history relies on the 
completion of many challenging tasks, including the reconstruction of crustal and 
atmospheric evolution, determination of the timing for initiation of “modern” 
tectonic regimes, characterization of the style(s) of tectonics and the 
tectonometamorphic conditions preceding “modern” tectonic regimes, and 
establishment of links between the early environment and early life.  Despite 
significant progress made on these tasks over the past several decades, early 
Earth models remain divergent.  Many findings are contentious or lack supporting 
evidence from multiple techniques or from more than a single mineral record.   
The search for knowledge about Earth’s deep history has been further 
complicated by the discontinuous rock record of the early Earth; erosion has 
stripped away ancient mountains and later metamorphism has altered Earth’s 
earliest rocks.  Since the Earth efficiently recycles its crust through erosion and 
plate tectonics, the physical records of Earth’s first two billion years of history are 
limited to fragmented detrital mineral grains and isolated Archean cratons.  
Beyond a handful of surviving detrital grains there is no known rock record for 
Earth’s first ~500 million years of history, and cohesive rock units with ages 
between ~4.0 Ga and 3.0 Ga are relatively sparse (Van Kranendonk, 2011).  
Because the physical records containing evidence of early Earth processes are 
so limited, each mineral that may survive subsequent crustal processing and 
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reveal information about the early Earth must be fully investigated.  The mineral 
garnet is capable of recording tectonometamorphic information about the early 
Earth and has been identified in multiple Archean cratons but is sparsely studied 
to-date.  This work marks the start of a search for Earth’s oldest garnet and a 
step toward fully utilizing garnet’s potential.  
Garnet can be dated precisely using two different, complementary isotope 
systems (Sm-Nd and Lu-Hf; discussion in Baxter and Scherer, 2013).  The 
chemical and compositional markers of garnet (i.e. compositional zoning, 
variable trace and major element compositions, and textural features) are linked 
to the P-T-x conditions in the garnet source rock during growth and can be used 
to determine the broader tectonic history of the host rock (e.g. Baxter and 
Scherer, 2013; Caddick and Kohn, 2013).  Garnet grows under a broad range of 
conditions and can grow in metamorphic, igneous, and metasedimentary rocks 
(discussion in Baxter et al., 2013 and Baxter and Scherer, 2013).  Additionally, 
many garnet end-members have been recognized as fairly resistant to 
weathering, transport, and diagenesis associated with detrital deposition and 
survival in sediment and sedimentary rocks (e.g. Morton and Hallsworth, 1999 
and references therein).  All of these characteristics make garnet an ideal 
candidate for study in early Earth settings, as garnet can reveal the timing of its 
growth or closure and help inform our understanding of early Earth 
tectonometamorphic conditions.  
  
3 
Detrital garnet chemistry has been utilized extensively to characterize 
sediment in early qualitative and quantitative sedimentary provenance studies 
(e.g. Dreimanis et al., 1957; Connally, 1964; Morton, 1985), but had previously 
been considered “un-dateable” due to the lack of a second point to pair with a 
clean garnet analysis for isochron formation.  The only known published attempt 
at detrital garnet geochronology prior to this work utilized the sedimentary whole 
rock as the second isochron point and, therefore, had to assume that all of the 
sediment within the sedimentary rock came from the same source, despite 
mineral evidence that the assumption was likely untrue (Oliver et al., 2000).  The 
new detrital garnet geochronometer developed in this work does not require a 
single source assumption when utilized with single garnet grains, finally allowing 
us to date detrital garnet recovered from almost any rock or sediment.   
Age data from the new detrital garnet geochronometer complements ages 
obtained from existing detrital geochronometers.  Currently zircon studies and a 
handful of monazite and xenotime detrital studies have been used for the 
majority of research concerning the earliest crust’s composition, petrogenesis, 
and tectonics (e.g. Mojzsis et al., 2001; Cawood et al., 2013; Tappe et al., 2011; 
Iizuka et al., 2011).  Unfortunately, zircon alone may fail to record the full 
spectrum of tectonothermal events, since zircon formation is primarily restricted 
to magmatic events or metamorphism at temperatures approaching anatexsis 
(>700°C) (Rubatto et al., 2001; Hietpas et al., 2010).  Monazite records a broader 
range of events due to growth initiation at lower temperatures, but susceptibility 
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to hydrothermal recrystallization, complicated zonation, and a lack of clarity 
regarding what individual ages are actually dating complicate interpretation 
(Rubatto et al., 2001; Jenner et al., 2009; Kohn and Malloy, 2004; Pyle et al., 
2001).  In most cases, garnet grows between ~400°C and 700°C, faithfully 
recording prograde growth ages and chemical zonation patterns (Caddick and 
Kohn, 2013; Baxter and Scherer, 2013).  When garnet is reset under high 
temperature conditions or records retrograde growth, the chemical zonation aids 
with identification of resetting and proper interpretation.  Therefore, the 
development of a detrital garnet geochronometer in this work complements 
existing detrital systems and provides a valuable new tool that could expand our 
knowledge base about the early Earth if old detrital garnet can be located. 
As a byproduct of method development for the new geochronometer, 
advances were anticipated and realized in small sample Nd and Sm analysis by 
TIMS.  By pushing the boundaries of sample size, new lower limits allowing use 
of smaller samples can be applied both to the new detrital garnet 
geochronometer (allowing us to date single garnet grains) and also to future 
zoned work and garnet analyses with applications outside of early Earth 
investigation.  Figure 1.1 demonstrates the amount of Nd loaded on the TIMS 
versus the resulting internal run precision of all analyses made by K. Maneiro 
during the course of this study.  This figure illustrates the broad usable range of 
sample sizes that can now be utilized at the Boston University TIMS facility, 
ranging from large samples (> 10 ng Nd) to small samples (1-4 ng Nd) and 
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pushing beyond into the realm of sub-nanogram analyses.  This work represents 
a large body of data involving some of the smallest Sm-Nd TIMS analyses 
successfully run.  Rigorous blank correction and analytical techniques 
implemented here support the new minimum sample size requirements to 
achieve accurate and precise Sm-Nd measurements.    
In addition to development of a new detrital garnet geochronometer, this 
work presents an attempt to characterize what is already known about old garnet 
through compilation of garnet ages from the peer-reviewed literature.  
Additionally, existing Sm-Nd garnet geochronology techniques are used to date 
in situ metamorphic garnet from two early Earth locations (Narryer Terrane of the 
Yilgarn Craton in Western Australia and Acasta Gneiss Complex of the Slave 
Craton in northern Canada) that preserve old garnet.  These endeavors add to 
the Archean garnet record, advance the search for Earth’s oldest garnet, and will 
ultimately contribute to characterization of early Earth metamorphism.   
1.2 Goals of the work 
This work provides a new tool for dating detrital garnet within sediments 
and sedimentary rocks and utilizes the existing Sm-Nd garnet geochronology 
method to date garnet in metamorphic rocks to advance the search for Earth’s 
oldest garnet and the pursuit of knowledge about Earth’s earliest 
tectonometamorphic history.  The specific goals for this body of work and the 
chapters and/or appendices that demonstrate achievement of those goals are as 
follows: 
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I. Develop a detrital garnet geochronometer that does not require a single 
source assumption and demonstrate its utility by comparison to garnet of 
known age and other detrital minerals (Chapter 2 and Appendices A and 
B) 
II. Demonstrate the utility of the new detrital garnet geochronometer in 
detrital garnet from both sediment and sedimentary rocks (Chapter 2 and 
Appendices B and C) 
III. Determine the oldest known garnet ages from the published literature 
(Appendix D) 
IV. Search for detrital garnet in an Archean craton (Chapter 3) 
V. Use Sm-Nd garnet geochronology to date garnet from early Earth 
samples to add to the Archean garnet record and to help constrain the 
timing of early metamorphism (Chapters 3 and 4) 
1.3 Chapter and appendix contributions 
1.3.1 Chapter 1: Introduction and Overview 
This introductory chapter presents the overarching motivation and themes 
for this work.  Additionally, it serves as a guide highlighting the noteworthy 
results, conclusions, and contributions of each chapter and appendix contained 
in this work and the anticipated publication plans for each section. 
1.3.2 Chapter 2: Southern Appalachians detrital garnet 
  The second chapter presents thirty-one single garnet grain age attempts 
using the newly developed detrital garnet geochronometer and stream sediment 
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collected from a tributary to the French Broad River in the southern Appalachian 
Mountains of North Carolina.  Of the thirty-one age attempts, nineteen individual 
detrital garnet ages meet established acceptance criteria.  This work represents 
the first full-scale application of the detrital garnet geochronometer in detrital 
garnet recovered from sediment and the largest single set of detrital garnet ages 
from the same location.  The twelve failed attempts are used to discuss the 
current minimum sample size requirements (~0.4 mg starting grain weight) 
needed to achieve sufficiently large Nd loads for TIMS analysis and age 
precision of < 50 Ma (2σ).   Load sizes for clean garnet analyses (> 1.0 
147Sm/144Nd) included in the nineteen accepted ages range from 17 pg to 445 pg 
of Nd.  The Boston University TIMS facility has been a leader in small sample Nd 
analysis with routine analysis of a 4 ng standard and 1-4 ng samples.  Repeated 
success with analysis of samples smaller than 400 pg and development of 
appropriate blank-correction protocol for garnet ages involving small samples 
mark an additional advance for small sample analysis at the Boston University 
TIMS facility and for the broader geochronology community.  
The nineteen accepted detrital garnet ages are compared to existing 
detrital zircon and monazite data for the same tributary and two additional nearby 
tributaries in the same tributary system (Hietpas et al., 2010; Moecher et al., 
2011).  This marks the first complete dataset with detrital ages from all three 
minerals (garnet, monazite, zircon) for the same system allowing direct 
comparison of the ages generated by the three geochronometers.  The previous 
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studies determined that monazite cores yield a single, well-defined age peak at 
ca. 460 Ma and two thin monazite rims from one tributary gave ages of 395 +/- 6 
Ma and 427 +/- 6 Ma (1σ; Moecher et al., 2011).  Detrital zircon cores failed to 
record Paleozoic metamorphism in the tributaries, and zircon rim ages span ca. 
420-470 Ma with a peak at ca. 445 Ma (Hietpas et al., 2010).  The garnet ages 
from this study have a maximum from ca. 420-450 Ma and form a broad peak 
with a tail toward 400 Ma. The garnet age peak is offset and younger than the 
peak for monazite core ages.  Zircon rim ages span both the monazite and 
garnet age peaks and monazite rim ages roughly agree with the younger garnet 
ages, although they are limited.  These results indicate that Silurian ages 
previously disregarded in earlier studies and the new garnet ages may together 
indicate either additional tectonometamorphism (potentially tied to the Cherokee 
Orogeny) or prolonged cooling from the Taconic Orogeny, although alternative 
explanations are also considered.  Regardless of interpretation, however, this 
study demonstrates the complementarity of detrital zircon, monazite, and garnet 
for interpreting the full tectonometamorphic history of a region. 
 This work is being prepared for submission to a peer-reviewed journal with 
K. Maneiro as the lead author.  The final published version of this work reserves 
the right to supercede results and conclusions presented here. 
1.3.3 Chapter 3: Garnet in the Narryer Terrane of Western Australia 
Chapter 3 focuses on garnet from the Narryer Terrane of Western 
Australia.  The Narryer Terrane is a part of the Yilgarn Craton and includes the 
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Jack Hills and Mt. Narryer metasedimentary belts, which host the detrital zircon 
grains that are Earth’s oldest known materials (ca. 4.3 Ga).  As a part of the 
broader search for Earth’s oldest garnet and with the specific goal of locating 
surviving Archean detrital garnet we attempted mineral separation on two 
samples from the Jack Hills metasedimentary belt, including a sample from the 
W74 outcrop containing the oldest documented zircon grains (Wilde et al., 2001).  
We were unable to locate garnet in either sample. 
Instead, we dated garnet in two samples from ~4 km south of the Jack 
Hills metasedimentary belt but still within the Narryer Terrane.  One sample is 
clearly gneissic (JH03023) and the other sample appears to be a 
metasedimentary lens with a sedimentary origin (JH03024).  Garnet major 
element surface chemistry and internal zonation were measured using 
environmental SEM and electron microprobe, supporting retrograde resorption 
and reequilibration due to reversed Mn zonation following irregular grain 
boundaries.  Multi-point isochron garnet geochronology using multiple bulk 
garnet aliquots and a whole rock generate the best Sm-Nd garnet age for 
JH03023 at 2592.0 ± 9.2 Ma (MSWD=5.2, n=5).  Two-point ages using the new 
detrital method were also generated in case the garnet was detrital, especially for 
sample JH03024.  The best accepted age constraint for JH03024 is 2575.4 ± 4 
Ma from a two-point garnet and leached inclusion isochron.  To our knowledge 
these ages will be the first published garnet ages for the Narryer Terrane and 
add to the known Archean garnet record.  Additionally, the ages agree with or are 
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just younger than the available constraints on peak Archean metamorphism in 
this region, confirming that the event(s) was regionally extensive and that either 
multiple events occurred or that cooling may have lasted for an extensive amount 
of time.  
This work is being prepared for submission to a peer-reviewed journal with 
K. Maneiro as the lead author.  The final published version of this work reserves 
the right to supercede results and conclusions presented here. 
1.3.4 Chapter 4: Garnet in the Acasta Gneiss of northern Canada 
Chapter 4 focuses on garnet from the Acasta Gneiss Complex in the 
Slave Craton of northern Canada.  The Acasta Gneiss Complex arguably 
includes the oldest known cohesive rock unit on Earth (ca. 4.0 Ga) and has a 
complicated metamorphic history.  Continuing the search for Earth’s oldest 
garnet, we dated a garnet-bearing sample from the Acasta Gneiss Complex 
using traditional Sm-Nd bulk garnet and whole rock isochron ages.    
The bulk garnet ages resulting from a whole rock, a powder, and a dirty 
garnet (garnet with inclusions), and seven garnet analyses indicate that garnet in 
the Acasta Gneiss Complex likely exceeds 3.0 Ga.  This age represents the 
oldest known garnet age with sufficiently high parent-to-daughter ratios to reduce 
the impact of inclusions on the accuracy of the age result.  However, the scatter 
in the isochrons, the two age trends from two separate sampling attempts, and a 
much older age for an isochron using just the garnet (exceeding 3.0 Ga) than an 
isochron including the whole rock and powder analyses merit further discussion 
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but support the preservation of older garnet.  This age result provides additional 
constraints on Archean metamorphism in a critical early Earth crustal remnant.   
This work is being prepared for submission to a peer-reviewed journal with 
K. Maneiro as the lead author.  Additional work prior to publication may include 
modeling or additional Sm-Nd garnet geochronology to provide additional clarity 
on the Acasta Gneiss’ complicated metamorphic history.  The final published 
version of this work reserves the right to supercede results and conclusions 
presented here. 
1.3.5 Appendix A: Detrital garnet geochronometer methodology 
Appendix A presents the full, detailed methodology for the new detrital 
garnet geochronometer.  This appendix is meant to serve as an authoritative 
guide for future workers seeking to undertake detrital garnet geochronology and 
presents the current best-practice methodology for the geochronometer based on 
proof-of-concept testing presented elsewhere in this work.  For each step in the 
procedure, the guide provides a brief description, discussion of the reason the 
step is included, and finally detailed, step-by-step instructions for each procedure 
in blue.  This appendix also presents modified worksheets for the key procedures 
that have been progressively developed by multiple generations of laboratory 
technicians and graduate students. 
This work will be reported as part of a broader manuscript presenting the 
full detrital garnet geochronometer methodology being prepared for submission 
to a peer-reviewed journal with K. Maneiro as the second author.  The final 
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published version of this work reserves the right to supercede results and 
conclusions presented here. 
1.3.6 Appendix B: Detrital garnet from Townshend Dam, Vermont 
 Appendix B presents a test of the new detrital garnet method using mock 
detrital garnet generated from a single large in situ metamorphic garnet of known 
age and single grain detrital garnet ages from river sediment collected near 
Townshend Dam, Vermont.  These tests were a part of the proof-of-concept 
testing for the new detrital garnet method.  The age of garnet from Townshend 
Dam has been well documented by prior studies, making it an ideal location to 
test the new method against garnet of known age (e.g. Christensen et al., 1989; 
Gatewood et al., 2015).   
As a test for method accuracy, the core from a large in situ metamorphic 
garnet from a Townshend Dam source rock was crushed into sand-size 
fragments.  Three fragments were dated as mock detrital garnet grains using the 
new detrital garnet geochronometer (garnet + leached inclusions), while the 
remaining garnet was dated as a single traditional bulk garnet age (garnet + 
whole rock).  Once sufficient spread in the 147Sm/144Nd was attained, the ages 
from both methods converged, overlapping within error and indicating method 
accuracy.   
The single grain detrital garnet age attempts were completed by Nora 
(Sullivan) Dragovic and K. Maneiro.  These were the first single grain age 
attempts using the new geochronometer.  Many of the garnet grains were not 
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fully cleaned of inclusions, as indicated by 147Sm/144Nd of < 1.0.  However, with 
increasing 147Sm/144Nd the detrital garnet age approaches the accepted garnet 
age, supporting the method’s accuracy for adequately cleaned garnet. 
This work will be reported as part of a broader manuscript presenting the 
full detrital garnet geochronometer methodology being prepared for submission 
to a peer-reviewed journal with K. Maneiro as the second author.  The final 
published version of this work reserves the right to supercede results and 
conclusions presented here. 
1.3.7 Appendix C: Detrital garnet in Scottish sedimentary rock 
Appendix C presents four detrital garnet age attempts resulting in two 
accepted ages for detrital garnet from Old Red Sandstone along the banks of the 
River North Esk (Angus, Scotland) using the new detrital garnet geochronometer.  
This is the first presentation of detrital ages from a sedimentary rock using the 
new detrital garnet geochronometer and was part of the proof-of-concept testing 
during method development.  The field location was chosen in part because 
there is only one known published attempt at detrital garnet geochronology that 
was undertaken nearby in Scotland, although it relied on analysis of garnet and 
the sedimentary whole rock requiring a single sediment source assumption 
(Oliver et al., 2000)  Each age attempt presented in this appendix used three or 
four garnet grains grouped together on the basis of similar major element 
chemistry as determined by environmental SEM surface analysis and garnet 
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color to reduce the need for a single sediment source assumption but achieve 
sufficient sample size for analysis.   
Reported garnet ages are 456.1 ± 5.5 Ma (red garnet) and 480 ± 17 Ma 
(dark garnet), supporting the potential presence of at least two different garnet 
populations.  The older of the two garnet ages overlaps with the previously 
reported detrital garnet age attempt in Scotland (468.7 ± 1.5 Ma) and additional 
in situ Sm-Nd metamorphic garnet ages presented in the same study (472 ± 2 
Ma and 467.7 ± 2.5 Ma) interpreted as representative of the timing of the 
Grampian event of the Caledonian Orogeny (Oliver et al., 2000).  Additional 
garnet geochronology from the Ballantrae Ophiolite and Glen Clova also support 
the timing of the Grampian event from ca 473-464 Ma (e.g. Baxter et al., 2002; 
Stewart, 2015).  The younger age could represent growth during a later event 
associated with the Caledonian. 
This work will be reported as part of a broader manuscript presenting the 
full detrital garnet geochronometer methodology being prepared for submission 
to a peer-reviewed journal with K. Maneiro as the second author.  The final 
published version of this work reserves the right to supercede results and 
conclusions presented here. 
1.3.8 Appendix D: Garnet age compilation 
Appendix D presents a preliminary compilation of garnet ages from the 
peer-reviewed literature and early observed trends within the available data.  
This appendix is based on work presented in an abstract and poster presentation 
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at the annual Geological Society of America meeting in Baltimore, Maryland, in 
2015 (Maneiro and Baxter, 2015).   
Compilation of global garnet ages provides an overview of the progress 
made in garnet geochronology in the thirty-six years since it was first attempted 
by van Breemen and Hawkesworth (1980) and Griffin and Brueckner (1980).  A 
garnet compilation serves as a valuable tool for the broader geochronology 
community for identification of the research questions that will drive the future of 
garnet geochronology. 
Garnet has the potential to link ages obtained using Sm-Nd or Lu-Hf 
garnet geochronology with the tectonometamorphic processes and conditions the 
garnet experienced at that time using preserved major element chemistry, 
thermodynamic modeling, and geothermobarometry (e.g. discussion in Caddick 
and Kohn, 2013).  The ability to correlate the timing and conditions of tectonic 
events could be especially useful for investigating Archean tectonics, as physical 
records of Earth’s first two billion years are limited.  This garnet compilation 
initiates a search for Earth’s oldest garnet by identifying locations where Archean 
garnet has already been dated and future study sites in Archean cratons where 
garnet has not yet been studied and early garnet may be preserved. 
Global compilations of published detrital zircon ages have drawn intense 
scrutiny and their interpretation as an igneous record of global supercontinent 
cycling has been debated (e.g. Condie et al., 2009; Voice et al., 2011).  Another 
goal of this project is to compile a similar, though smaller, global compilation of 
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garnet ages that could begin to complement zircon compilations as a global 
metamorphic record. 
This work will be continued by K. Maneiro during a postdoctoral 
appointment at Boston College and submitted to a peer-reviewed journal with K. 
Maneiro as the lead author.  The final published version of this work reserves the 
right to supercede results and conclusions presented here. 
1.3.9 Appendices E and F: Collaborations with visitors 
Appendices E and F are unrelated to the overarching theme and goals of 
this work but document additional contributions made during the course of my 
Ph.D.  These two appendices report collaborative work with two visiting scientists 
to the Boston University TIMS facility.  I worked with David Collings and Lenka 
Baratoux to assist in experimental design, training in clean lab and TIMS 
protocols, completion of analyses to finish the projects after they left Boston 
University, and presentation of the results. 
K. Maneiro serves as a contributing author to a previously published 
manuscript (Collings et al., 2016) and two additional planned contributions based 
on these collaborations.  The final published versions of these manuscripts 
reserve the right to supercede results and conclusions presented here. 
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Figure 1.1: Sample size versus precision for all samples run by Kathryn 
Maneiro at Boston University during Ph.D. research 
This figure highlights the range in sample sizes (ng Nd loaded on the TIMS) that 
can be successfully analyzed at the Boston University TIMS facility.  The figure 
contains all successful analyses run by K. Maneiro over the course of 
dissertation research, arranged by year.  The smallest samples demonstrate the 
greatest scatter in expected internal run precision, but many still result in ages 
that meet acceptance criteria.  The solid line is a projection of the best-case 
anticipated precision based on single barrel internal error for 4 ng standards and 
the long-term external reproducibility for a 400 pg standard.  The dashed lines 
represent 2 and 3 times the best-case projection. 
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CHAPTER 2: Detrital garnet geochronology complements detrital zircon and 
monazite by recording additional Paleozoic metamorphism in the southern 
Appalachian Mountains 
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Abstract 
Use of a new method for Sm-Nd detrital garnet geochronology produced 
nineteen single-grain garnet ages from a tributary of the French Broad River in 
the southern Appalachian Mountains of North Carolina, USA. Detrital monazite 
and zircon ages from Hietpas et al. (2010) for the same tributary system and the 
garnet ages from this study allow for the first direct age comparison of these 
three detrital records of regional orogenic events. Monazite cores are exclusively 
Ordovician, with a weighted average age of 460.9 ± 2.5 Ma consistent with the 
previously established timing of Taconic metamorphism in the southern 
Appalachians. Zircon rims and garnet single-grain ages, however, also record 
younger ages from the late Ordovician to Silurian.  The weighted average age of 
the zircon rims (443.5 ± 8.7 Ma) and garnet (438.8 ± 8.1 Ma) are the same within 
error, but both are younger than the monazite. The addition of detrital garnet 
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ages and reexamination of published geochronology for the region support 
interpretation of the younger ages as either an additional tectonometamorphic 
event recorded during the Silurian or extended cooling from the Taconic 
Orogeny. Detrital garnet ages complement detrital zircon and monazite ages, 
ensuring full interpretation of the region’s Paleozoic tectonic history. Additionally, 
this work pushes the boundaries of small sample Nd and Sm analysis and marks 
the first full-scale deployment of the new detrital garnet method.  
2.1 Introduction 
Detrital garnet chemistry is a proven provenance tool, from the earliest 
studies that quantitatively identified multiple garnet populations with disparate 
sources (Morton, 1985, 1987) through subsequent studies that characterized 
garnet from sedimentary rocks and modern sediments to investigate sedimentary 
basin development, reconstruct paleogeography, determine sedimentary 
transport patterns, explore for natural resources, and correlate displaced 
sedimentary sequences. Garnet is especially useful due to its chemical variability 
between four principle and ten additional end-members (Grew et al., 2013), the 
correlation of garnet chemistry to the bulk composition and pressure-temperature 
conditions of the source rock, and garnet’s resiliency as a moderately to highly 
stable phase during weathering, transport, and deposition (Morton and 
Hallsworth, 1999). With the development and application of detrital garnet 
geochronology, we add age information to chemical composition and strengthen 
an already powerful tool. 
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Previous detrital studies using sediment from the French Broad River and 
associated tributaries established that zircon and monazite record different 
portions of the region’s geologic history (Hietpas et al., 2010; Moecher et al., 
2011). Zircon ages oversampled Proterozoic events due to zircon’s extreme 
stability during sedimentary transport and deposition (Morton and Hallsworth, 
1999) and missed Paleozoic metamorphism with the exception of limited rim 
ages, since zircon growth is primarily restricted to magmatic events or 
metamorphism at temperatures exceeding 700°C in the presence of melt 
(Rubatto et al., 2001). Monazite cores clearly record Paleozoic events due to 
growth initiation at lower temperatures than zircon, but susceptibility to 
hydrothermal recrystallization, complicated zonation, and a lack of clarity 
regarding the tectonic process individual ages date can complicate monazite 
interpretation (e.g. Kohn and Malloy, 2004; Williams et al., 2011; references 
therein). Garnet’s common growth across a wide range of P-T conditions (400-
700+°C) and ability to serve as a record of prograde metamorphism make detrital 
garnet ages a complementary record critical to full characterization of 
tectonometamorphism, especially in regions with complicated histories (Baxter 
and Scherer, 2013 and references therein). 
In this study we determined detrital garnet ages for a tributary system to 
the French Broad River previously characterized using detrital monazite and 
zircon ages, allowing for the first comparative age analysis of the three detrital 
records. Additionally, this study marks the first full-scale application of the new 
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detrital garnet geochronometer to sediment from a modern river system, 
demonstrates a marked reduction in sample size limitations for Nd and Sm 
analysis by TIMS, and draws attention to an additional portion of the region’s 
tectonometamorphic history. 
2.2 Geologic Background 
2.2.1 Regional geologic history 
The Southern Appalachians have a complex geologic history that has 
been broadly defined for decades (e.g. Butler, 1972; Hatcher, 1978; Rankin, 
1975), but determination of a detailed history based on high-precision 
geochronology is a work in progress lacking full geographic coverage. Obtaining 
detailed chronology from multiple minerals is critical for determination of the 
relative importance and intensity of major events in the region, as most areas 
were impacted by multiple tectonic events. The region experienced four major 
tectonic events: i) the Grenvillian Orogeny from ca. 1.2-1.0 Ga, ii) the Ordovician 
Taconic Orogeny, iii) the Devonian Acadian or Devonian-Mississippian 
Neoacadian Orogeny, and iv) the Pennsylvanian-Permian Alleghanian Orogeny 
(Hatcher, 2010 and references therein). An additional regional event, the Silurian 
Cherokee Orogeny at ca. 430 Ma, has also been proposed though it is more 
enigmatic (Hibbard et al., 2012; Hibbard et al., 2010).   
2.2.2 Sample location 
The analyzed garnet separate was prepared using a heavy mineral 
concentrate of streambed alluvium collected from a first-order tributary to the 
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French Broad River by the North Carolina Geological Survey (CT-147; Merschat 
and Wiener, 1988). This tributary stream plus two comparable first-order tributary 
streams sampled nearby (CT-136 and CT-145) drain the southeast corner of the 
Canton Quadrangle and were previously characterized using detrital monazite 
and zircon geochronology (Tables 2.1 and 2.2; Hietpas et al., 2010) and a 
provenance study based on garnet chemistry (Hietpas et al., 2013).  
Prior analysis of tributary monazite and zircon concluded that offset 
Ordovician age peaks for monazite (ca. 463 Ma) and zircon rims (ca. 450 Ma) 
supported interpretation of monazite growth along the prograde metamorphic 
path and zircon growth at the later thermal peak of the Taconic Orogeny 
(Moecher et al., 2011).  Zircon core ages in the tributaries failed to record 
Paleozoic metamorphism, but instead record earlier Grenvilian growth due to 
zircon’s extreme resiliency during transport and the high temperatures required 
for the initiation of new zircon core growth (Hietpas et al., 2010; Morton and 
Hallsworth, 1999; Rubatto et al., 2001).  Previous studies did not attribute 
particular tectonic significance to the Silurian portion of the zircon rim age 
distribution for the tributaries, although Moecher et al. (2011) dated thin rims on 
two monazite grains from the same tributary, finding ages of 395 +/- 6 Ma and 
427 +/- 6 Ma (1σ) in agreement with young zircon rim ages, and noted scattered 
Silurian-Devonian monazite ages from the main trunk of the French Broad River.  
Additional geochronology in the region includes sporadic reports of 
Silurian plutonic and metamorphic ages (e.g. Goldberg and Dallmeyer, 1997; 
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Merschat and Wiener, 1988; Miller et al., 2010; Miller et al., 2000).  The highest 
precision, previously published age constraint interpreted to represent the 
Taconic metamorphic peak is from granulite-grade zircon growth in the region at 
458 +/- 1 Ma (MSWD=0.095, Moecher et al., 2004).  Plutonic and metamorphic 
ages spanning 470-440 Ma have been attributed to the Taconic Orogeny. 
The tributary drainage basins source sediment from the Ashe 
Metamorphic Suite (AMS; Abbott and Raymond, 1984). The AMS is composed of 
Neoproterozoic clastic rocks later metamorphosed to kyanite and locally 
sillimanite grade during the Taconic Orogeny (Merschat and Wiener, 1988). 
Dominant rock types of the AMS in the drainage basin are metagraywackes and 
biotite gneisses interlayered with garnet-mica schists, with limited exposure of 
the amphibolite and calc-silicate components reported elsewhere in the AMS. 
See Figure 2.1 for a map of the regional geology highlighting the tributary sample 
locations and extent of the AMS. 
2.3. Methods 
2.3.1 Methods overview 
Detrital garnet age is determined using a two-point isochron for each grain 
anchored by Sm-Nd TIMS analyses of 1) the inclusions chemically leached from 
within the individual garnet grain and 2) remaining inclusion-free garnet from the 
same grain. This method uses the inclusion population as the best available 
proxy for the equilibrium bulk composition of the garnet’s source rock. If bulk 
sediment or sedimentary whole rock analyses were used instead of the leached 
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inclusions, as in the only known prior attempt at detrital garnet geochronology by 
Oliver et al. (2000), assumption of a single source for all detritus is required. For 
characterization of detrital samples containing multiple garnet populations, the 
ability to discriminate between sources is critical and inclusions offer the greatest 
potential for preservation of the original source chemistry. For further discussion 
of the theory, assumptions, and detailed methodology for the detrital garnet 
geochronometer refer to the appended Methodology section.  
2.3.2 Sample preparation and TIMS analysis 
Individual garnet grains were handpicked with special care taken to 
include grains exhibiting color and size variations to avoid biasing the sample 
toward a single garnet population.  Handpicked grains were rinsed in weak HCl 
to remove surface debris or weathering rind accumulated during sedimentary 
transport. Surface analyses, including backscatter electron images and chemical 
data from energy dispersive x-ray spectrometry, were made for each grain using 
a Hitachi TM3000 tabletop SEM at Woods Hole Oceanographic Institution. 
Garnet grains were then recovered from the mount, cleaned of surface residue, 
and individually crushed. A progressive partial leaching procedure (HF, HClO4, 
HNO3, and HNO3+3HCL) was used to dissolve inclusions from the interior of 
each garnet grain, with all leaching acids retained for analysis. Following partial 
dissolution, the remaining non-dissolved garnet was fully dissolved using tabletop 
dissolution on a hot plate prior to column chromatography. Three sets of columns 
were used to separate Sm and Nd: i) Fe-cleanup column with AG50w-X4 resin 
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and HCl elution to remove Fe, ii) TRU resin and HNO3 to separate out REEs, and 
iii) calibrated α-hydroxiso-butyric acid column to separate Nd and Sm. 
Nd samples were loaded on Re filaments in HNO3 with a Ta2O5 and 
H3PO4 activator slurry for analysis as NdO
+ on the ThermoFinnigan Triton 
multicollector thermal ionization mass spectrometer (TIMS) at Boston University 
(after Harvey and Baxter, 2009). Sm samples were loaded on double Re 
filaments without activator for TIMS analysis as Sm metal. Analysis of an in-
house Nd standard solution (Ames metal) over the study duration yielded a mean 
of 143Nd/144Nd=0.512123 ± 0.000010 (18.9 ppm, 2 RSD, n= 129). Reproducibility 
of the 147Sm/144Nd is better than 0.023% based on repeat analyses of a mixed 
gravimetric normal solution with our in-house spike. 
2.3.3 Sample size limitations and blank correction 
Single-grain analysis is challenging due to the limited sample size of 
single grains and low Nd and Sm concentrations in clean garnet, usually < 0.5 
ppm and sometimes <0.1 ppm (Baxter and Scherer, 2013). Grain size for 
samples successfully dated range from 0.37-2.40 mg by initial grain weight prior 
to leaching or 0.46-1.15 mm2 by calculated maximum cross-sectional area 
determined from BSE image analysis (Table 2.3). These starting grain sizes 
resulted in TIMS Nd loads as small as 17.0 pg for analyzed garnet and 106.9 pg 
for analyzed leached inclusions. Since the ratio of blank to sample is greater than 
1:100, the impact of environmental blank must be carefully considered (e.g. 
Pollington and Baxter, 2010). Repeat analyses of three-column analytical blanks 
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for the study duration resulted in a measured blank magnitude of 4.31 ± 0.59 pg 
(weighted average, n=22). The blank magnitude and weighted average isotope 
ratios calculated from repeat blank measurements (147Sm/144Nd = 0.045 ± 0.017, 
143Nd/144Nd = 0.5125 ± 0.0012) were used to apply a rigorous blank correction to 
the ages by using Monte Carlo simulation to subtract the effect of the blank from 
the isotope ratios before averaging the results and calculating a correlation 
coefficient representing the correlation in the 143Nd/144Nd and 147Sm/144Nd errors. 
Calculated isotope ratios and correlation coefficients were then used in Isoplot to 
calculate blank-corrected ages (Ludwig, 2003). Figure 2.2 plots original age 
versus blank-corrected age, demonstrating that despite the extremely small 
sample sizes, blank correction never changed the age outside of calculated 2σ 
age error and therefore has a minimal impact on the tectonic story. 
Since this is the first full-scale application of detrital garnet geochronology 
we also consider the accuracy of the method using two age calculation sensitivity 
checks.  The sensitivity of the blank correction protocol was tested using two 
different sets of blank parameters, one measured and the other idealized from 
literature values.  The difference in the resulting absolute ages were <5 Ma for all 
samples and well within the reported 2σ age error.  The impact of using 
inclusions as a proxy for the source whole rock was also considered, as 
inclusions are unlikely perfectly representative of the whole rock chemistry.  
However, substitution of a whole rock value from an along-strike AMS schist 
measured by Goldberg and Dallmeyer (1997) for the analyzed leaches to test 
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sensitivity to the variable inclusion population results in a similar age distribution 
as reported, since the high Sm/Nd garnet analyses are the primary control on the 
slope of the isochron and resulting age.  Results of sensitivity testing support 
accuracy of the garnet age distribution. 
2.4 Results 
2.4.1 Garnet chemistry: SEM surface analysis 
Garnet surface analyses by SEM were made to determine major element 
chemistry prior to dating individual grains. Although surface measurements are 
biased toward rim composition and may be systematically offset from 
measurements obtained on polished grain mounts, surface analyses avoid 
sample loss or potential contamination from polishing and coating and allow 
compilation of an internally consistent dataset for identification of population 
outliers and compositional range. Two different ternary diagrams in Figure 2.3 
plot the major element chemistry from surface analyses based on four 
predominant cation components for garnet (Fe, Mn, Mg, and Ca). Values for end-
member chemistry and associated errors are available in Table 2.4.    
Adding garnet ages from this study to plotted chemistry indicate a 
potential relationship between garnet age and chemistry. This can be seen in 
Figure 2.4, plotted as age versus spessartine content with associated 2σ errors. 
The plotted points alone without error consideration yield a R2 value of 0.5629, 
but upon calculating an MSWD to account for quantified 2σ errors in age and 
chemistry we found that the relationship’s significance becomes questionable 
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since many of the points are the same within error. Further improvement in 
chemistry and age precision is necessary to determine whether there is a 
resolvable, significant relationship. Documentation of a relationship would be 
valuable, as garnet crystallization predicts higher Mn in the core than at the rim 
and an age-chemistry relationship could allow for estimation of age duration for 
garnet populations demonstrating zonation. 
2.4.2 Isotope ratios, ages, and analytical limits 
TIMS load size, grain size by initial weight and maximum cross-sectional 
area, and isotope ratios and ages both with and without blank correction are 
presented in Tables 2.3 and 2.5.  Summative age results are presented in Table 
2.6. Out of thirty-one age attempts, nineteen ages were accepted as usefully 
precise, having age precision of better than ±50 Ma (2σ). Of the twelve failed 
attempts, five of the failures were the result of physical loss of the sample during 
clean lab chemistry or failure of a filament to run because the samples were too 
small. Current guidelines for analytical limitations derived from the additional 
seven failures indicate that single grains must produce both leach and garnet 
loads greater than ~100 pg for useful age precision and must also yield clean 
garnet analyses with loads < 1.0 ng to ensure that the garnet point is not 
contaminated by inclusions (Figure 2.5). Practically, this imposes a limit on 
current minimum grain size at ~0.4 mg by initial weight. 
  
32 
2.4.3 Comparing garnet to monazite and zircon 
Detrital monazite and zircon ages from Hietpas et al. (2010) were used 
along with the blank-corrected garnet ages from this study to generate three 
probability density functions representing the age distribution for each mineral, 
including associated age error (Figure 2.6).  Ages from monazite cores plot as a 
single, well-defined age peak on the probability density plot (PDP) and have a 
weighted average age of 460.9 ± 2.5 Ma (95% confidence). Detrital zircon cores 
failed to record Paleozoic metamorphism in the tributaries. The zircon rim age 
distribution is broader and spans ca. 420-470 Ma, with a weighted average age 
of 443.5 ± 8.7 Ma (95% confidence).  The garnet peak is also broad with maxima 
from ca. 420-450 Ma tailing off toward 400 Ma.  The weighted average age for 
the garnet is 438.8 ± 8.1 Ma (95% confidence).  The weighted average age for 
the zircon rims and garnet overlap within error (difference of 4.7 ± 11.9 Ma), 
while the average monazite age is offset and significantly older.  The monazite 
average age is 17.4 ± 9.1 Myr older than the zircon average age and 22.1 ± 8.5 
Myr older than the garnet average age. 
2.5 Discussion 
Given garnet’s common growth at prograde metamorphic conditions it is 
surprising that the weighted average garnet age does not reflect the same growth 
timing recorded by tributary monazite and previously interpreted as the timing of 
prograde metamorphism.  There are multiple hypotheses for the age differences 
between the three detrital systems reflected by the age distributions.  The 
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differential average ages and age distributions could reflect actual differences in 
the true growth age of each mineral population.  This requires consideration of 
the impact of analytical precision and sample size on the broad garnet and zircon 
age distributions, and under this case monazite growth would be attributed to 
early prograde growth, while zircon rim ages and full garnet growth would be 
interpreted as peak or post-peak growth during the Taconic Orogeny or extended 
Taconic cooling.  Alternatively, the difference in weighted average age and age 
distribution could reflect averaging of zircon rim reequilibration and garnet growth 
occurring during discrete multiple events or prolonged continuous growth, leading 
to a broader distribution for the zircon and garnet ages.  In this case, Silurian 
ages could be attributed either to a secondary orogenic event, such as the 
Cherokee Orogeny, or extended Taconic metamorphism or cooling.  Finally, 
monazite sampling that may have missed younger monazite grains in the 
tributaries could bias the tributary monazite age peak.  In this case, the monazite 
ages would reflect only a portion of metamorphic growth during the Taconic 
Orogeny if later monazite growth were missed.  Regardless of interpretation, 
garnet reveals additional tectonic details previously unrecognized through the 
use of detrital zircon and monazite alone.  
We first consider the impact of precision and sample size on the 
distribution of the garnet and zircon rim ages.  The age precisions associated 
with individual garnet ages range from ± 4-46 Ma, with an average precision of ± 
21 Ma (2σ).  Zircon analyses average ± 11 Ma (1σ) and monazite analyses 
  
34 
average ± 9 Ma (1σ).  The precision is generally equivalent between all 
geochronology methods utilized and likely not a major factor in differential PDP 
distributions between minerals.  However, the peaks seen in the older garnet 
ages versus the smooth curve for the younger ages are likely artifacts associated 
with higher precision for several of the older garnet ages.  Due to the labor-
intensive TIMS method for detrital garnet, the sample size for single-grain garnet 
ages is n = 19.  Zircon rim sample size is limited by the occurrence of rims thick 
enough to date, with the sample size also at n = 19.   More measurements of 
monazite age by SIMS and LA-ICP-MS are available, with n = 36.  Probability 
density functions account for the number of samples at a given age and the 
associated age precision of the analyses generating taller and better-defined 
peaks for ages with a greater relative probability of representing actual age 
populations.  With similar precisions, the strength of the peaks is more 
dependent on sample size and actual age scatter. If additional zircon rim 
analyses and garnet single-grain ages were measured, stronger peaks could 
potentially develop but the actual ages would likely still be broadly distributed.  
Therefore, the broad age distribution is attributed to real age variations rather 
than purely an analytical artifact from sample size impacting the probability 
density functions. 
Given real differences in age and assuming the average ages accurately 
reflect the age of growth for a single population of each mineral, then older 
monazite growth could be interpreted as early prograde growth, while zircon rim 
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ages and full garnet growth could be interpreted as peak or post-peak growth 
during the Taconic Orogeny or extended Taconic cooling.  However, the zircon 
age attributed to the thermal peak of Taconic metamorphism at 458 +/- 1 Ma 
(MSWD = 0.095; Moecher et al., 2004) makes this interpretation difficult as 
granulite facies zircon growth was occurring at the same time as average 
tributary monazite and not at the same time as the garnet growth and zircon rim 
formation.  This would require reinterpretation of the timing of peak 
metamorphism or assumption that the timining of peak metamorphism varied by 
as much as ~20 Ma across the terrane.  Alternately, the monazite growth could 
be attributed to prograde and peak growth timing, with the garnet growth and 
zircon rim growth and reequilibration occurring during prolonged cooling following 
the Taconic Orogeny, possibly from deep burial preserving increased 
temperatures and allowing continued growth along the retrograde path. Ar-Ar 
plateau ages for hornblende point to disturbance in the Blue Ridge following the 
Taconic that could be attributed to retrograde growth during prolonged cooling 
(Goldberg and Dallmeyer, 1997).  However, invoking this explanation requires 
elevated heat for > 50 Myr following the thermal peak, which is an extensive 
period of time for the southern Appalachians. 
We must also consider the potential impact of age resetting or mixing 
between multiple age populations.  Full age resetting at the thermal peak is 
unlikely given calculated maximum temperature and pressure conditions of 580-
750°C and 0.6-1.0 GPa for the AMS (e.g. Abbott and Raymond, 1984; 
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Bridgeman, 2015).  Garnet grains often preserve age zonation as they grow, 
which can potentially lead to age mixing and a wider spread of ages if zonation is 
retained within single grains.  For example, some broken grains may contain 
more rim and other grains more core.  For intact zoned grains, the age will be 
volumetrically biased toward the rim age.  In contrast, monazite ages are likely 
biased toward core ages due to recovery of large grains during mineral 
separation and measurement of ages on polished grain centers. In the reported 
distribution, the oldest garnet age could represent the core age and younger 
ages may represent variable mixing between an older and younger event or a 
continuous growth sequence over an extended time period with bias toward 
younger rim ages.  Zonation is accepted as a possible influence on the age 
distribution that cannot be further resolved without zonation study of garnet in 
thin section.  However, if zonation contributes to the broad age distribution for the 
garnet either prolonged growth or multiple tectonic events must be invoked, 
providing additional tectonic context not previously identified.   
Another hypothesis is that Silurian ages may represent prograde garnet 
growth during a tectonic event following the Taconic Orogeny previously 
unrecognized in the tributary record.  The Cherokee Orogeny (ca. 430 Ma in 
middle Appalachians and later to south) is a potential candidate for late 
Ordovician-Silurian activity in the region. Most evidence for the Cherokee 
Orogeny, proposed to result from the collision of peri-Gondwanan Carolinia with 
the Laurentian margin, comes from within Carolinia and further north in the 
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middle Appalachians rather than from the Blue Ridge and Piedmont portions of 
the Laurentian margin (Hibbard et al., 2012; Hibbard et al., 2010; citations 
within). Recent work on zircon from eclogite and surrounding amphibolite within 
the AMS along strike to the northeast gave zircon ages of 460.7 ± 3.2 Ma for the 
eclogite and 415 ± 3.8 Ma for the amphibolite and invoked the Cherokee 
Orogeny as a potential explanation for the younger ages providing precedence 
for preservation of Cherokee ages in the AMS source rocks (Bridgeman, 2015) 
The only known prior garnet geochronology in the southern Appalachians was 
interpreted as garnet growth during the Taconic Orogeny impacted by later 
retrograde resetting that could have occurred during a later event (Goldberg and 
Dallmeyer, 1997), although those garnet ages had Sm/Nd ratios below 0.8, 
indicating the potential for inclusion contamination.  However, other regional 
tectonic interpretations cite the arrival of the Carolinia terrane as the cause for 
the Devonian Neoacadian Orogeny, and without a clastic wedge associated with 
major uplift or exposure of the suture between Carolinian and Laurentia in the 
southern Appalachians evidence for the Cherokee is enigmatic at best (Hatcher, 
2010; Hibbard et al., 2012) 
By using monazite from stream sediment, monazite grains may be biased 
toward preservation of the largest grains, reflecting the oldest core ages.  
Monazite is often considered fairly stable sedimentary diagenesis, although its 
stability during sedimentary transport is not well quantified (Morton and 
Hallsworth, 2007).  However, many monazite grains are smaller than 300 
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microns in diameter, making them more susceptible to dissolution and loss 
during transport and production of a mineral separate (pers. comm. Michael 
Williams).  Additionally, the distribution of monazite ages in the main trunk of the 
French Broad River include younger Silurian-Devonian ages, indicating that 
those ages do occur in the region but are not reflected within the tributary 
(Moecher et al., 2011). 
We consider garnet zonation and monazite grain size bias likely minor 
contributing factors to the differential monazite and garnet/zircon age 
distributions and broad range of garnet ages, but those factors alone are unlikely 
to explain the full scatter in detrital mineral ages.  This requires us to invoke 
either revision of the timing of Taconic metamorphism into the early Silurian, 
extended cooling following Taconic metamorphism, or a previously 
unacknowledged secondary event such as the Cherokee Orogeny.  Further 
improvement in the detrital garnet geochronology method could allow for future 
discrimination between multiple garnet populations, if present, to help resolve the 
tectonic interpretation.  However, regardless of favored tectonic explanation, 
garnet makes it clear that elevated temperatures extended into the Silurian and 
enhances our understanding of the Taconic Orogeny beyond information 
available from zircon or monazite alone.  
2.6 Summary and Conclusions 
This study dated nineteen detrital garnet grains from streambed sediment 
in a tributary with known, exposed source rocks and a broadly-constrained 
  
39 
geologic history. Although the geologic history of the region is complex, latest 
Ordovician through earliest Devonian garnet ages lend support for elevated 
temperatures related to late metamorphism, extended cooling, or additional 
tectonic event(s) missed in the interpretation of prior detrital zircon and monazite 
studies from the same location. Continued improvement in small sample analysis 
by TIMS and the detrital garnet methodology may improve precision and reduce 
the ambiguity in final tectonometamorphic interpretation of detrital garnet ages. 
Despite current remaining questions, garnet clearly provides an additional record 
of events beyond classic Taconic metamorphism in the southern Appalachians 
critical to interpreting the full history of the region. For revelation of the full 
tectonic story, we require the best possible coverage both geographically and 
with the use of multiple chronometers.  Detrital garnet geochronology contributes 
critical ages toward meeting that goal.  
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Figure 2.1: Map providing sample locations and regional geology (modified 
from Moecher et al, 2011) 
Geologic map of western North Carolina and a portion of eastern Tennessee 
adapted from Moecher et al (2011). Locations of first-order tributaries 
investigated in this study are identified within the circle at the map’s center (CT-
136: 35.5476, -82.7621; CT-145: 35.52996, -82.75383; CT-147: 35.50305, -
82.75603). The three tributaries drain the same basin and source rock (Zat: 
Ashe-Tallulah Falls suite) allowing for direct comparison of ages. WSG - Winding 
Stair Gap roadcut; A - Asheville, North Carolina; R - Rosman, North Carolina; 
N—Newport, Tennessee 
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Figure 2.2: Impact of blank-correction on age 
Assessment of the impact of blank-correction on the nineteen accepted ages by 
comparison of uncorrected and corrected ages, with associated 2σ age errors.  
Note that the magnitude of the calculated age error generally increases slightly 
after the blank-correction is applied.  The age most impacted by blank-correction 
is also the least precise.  The blank-correction introduced minimal change in the 
absolute age calculated, pulling ages slightly younger but well within error. 
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Figure 2.3: Ternary plots of garnet major element chemistry (after Mange 
and Morton, 2007) 
Ternary plots of detrital garnet major element chemistry with discrimination fields 
in the main panel after Mange and Morton (2007).  Type Bi: Granitoids; Type Bii: 
Amphibolite-grade metasediments.  Inset shows a different ternary arrangement 
with the grains separated into four series based on resulting age from garnet 
geochronology.  Note the possible age and chemistry association in the inset. 
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Figure 2.4: Potential chemistry vs. age trend 
Average spessartine content of each dated grain as measured on unpolished, 
uncoated grain surfaces using a tabletop SEM versus the grain’s blank-corrected 
age.  Error in spessartine content and age are 2σ standard error. 
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Figure 2.5: Age success predicted by garnet and leach load sizes 
Accepted and discarded ages plotted according to the amount of Nd in ng loaded 
onto the TIMS for the garnet and the leached inclusions for each grain.  In 
general, barring user error, a region of age success is predicted where both the 
garnet and leach are of sufficient size for reasonably precise analysis and there 
will be enough spread in the Sm/Nd ratio because the inclusions have been 
removed from the garnet analysis. 
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Figure 2.6: Probability density functions for garnet, monazite, and zircon 
Panel A) Probability density functions for garnet, monazite, and zircon ages for 
tributary samples CT-136, CT-145, and CT-147 with 25 Ma bin.  Panel B) Close-
up of probability density functions focusing on Paleozoic distribution with 10 Ma 
bin.  Note the sharp monazite peak at an older age and the broader, overlapping 
zircon and garnet signals.  The zircon in this age frame only come from rim 
analyses. 
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 Table 2.1: Ion microprobe ages for monazite cores from Canton tributary 
streams CT-136 and CT-145 (data from Hietpas et al., 2010)  
Sample No. 
208
Pb-
232
Th age (Ma) Error (Ma, 1σ) 
CT 136:     ct136r1g2 449.5 10.7 
ct136r1g4 460.5 8.19 
ct136r1g5 464.6 9.94 
ct136r1g7 460.6 10.2 
ct136r1g8 454.1 9.63 
ct136r1g11 459.3 9.4 
ct136r1g12 461.2 8.96 
ct135r1g11 459.3 9.4 
ct136r1g14 455.2 9.47 
ct136r1g15 474.2 8.86 
ct136r1g16 466.7 7.84 
ct136r1g17 458.5 8.18 
CT145:     ct145r6g22 470 9.68 
ct145r6g21 476.4 11.4 
ct145r6g20 471.4 8.79 
ct145r6g19 465.7 10 
ct145r6g17 466.3 9.31 
ct145r5g17 466.4 9.86 
ct145r5g18 465.2 10.4 
ct145r5g19 461 8.85 
ct145r5g21 472 8.12 
ct145r5g16 461.1 9.1 
ct145r5g9 459.6 10.3 
ct145r5g10 437.6 9.28 
ct145r5g11 460.4 8.51 
ct145r5g12 467 8.01 
ct145r5g13 462.9 9.66 
ct145r5g1 454.9 10.2 
ct145r5g2 456.7 8.39 
ct145r5g3 453.3 9.59 
ct145r5g5 458.9 9.09 
ct145r7g1 453.1 9.58 
ct145r7g2 455.1 8.05 
ct145r7g3 455.6 9.47 
ct145r7g5 452.7 9.13 
ct145r7g6 461.6 8.22 
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Table 2.2: LA-ICP-MS and SIMS ages for zircon from Canton tributary 
streams (data from Hietpas et al., 2010)  
Zircon core and rim ages by LA-ICP-MS and SIMS for tributaries CT-136, CT-
145, and CT-147 in the Canton Quadrangle. 
 
Table 2.2: LA-ICP-MS and SIMS ages for zircon from Canton tributary streams 
Sample No. U/Pb zircon age (Ma) Error (Ma,1σ) Data Collection Method 
CT136: 
   R2 G11rim 423 11.5 LA-ICP-MS 
R2 G53rim 439.8 6.5 LA-ICP-MS 
R1 G8 rim 447 6.1 LA-ICP-MS 
R2 G31 rim 511.6 15.3 LA-ICP-MS 
R1 G7 rim 745.2 18.3 LA-ICP-MS 
R2 G21 rim 824.8 14.6 LA-ICP-MS 
R2 G21 core 1023.5 31.5 LA-ICP-MS 
R2 G31 core 1037 41.7 LA-ICP-MS 
R2 G54 1078 46.0 LA-ICP-MS 
R2 G27 1055.8 43.1 LA-ICP-MS 
R2 G49 1093.9 20.2 LA-ICP-MS 
R2 G50 1113.8 20.1 LA-ICP-MS 
R2 G44 1116.8 30.4 LA-ICP-MS 
R2 G25 1125.6 77.1 LA-ICP-MS 
R2 G53 core 1129.1 58 LA-ICP-MS 
R2 G26 1134.2 27.7 LA-ICP-MS 
R2 G2 1140.9 55.7 LA-ICP-MS 
R2 G41 1142 39.6 LA-ICP-MS 
R2 G51 1157.8 33.2 LA-ICP-MS 
R1 G8 core 1165.4 56.4 LA-ICP-MS 
R2 G13 core 1176.4 19.8 LA-ICP-MS 
R2 G11 core 1191.1 90.5 LA-ICP-MS 
R2 G39 1201.2 36.5 LA-ICP-MS 
R2 G22 1229.1 47.4 LA-ICP-MS 
R2 G37 1229.5 20.6 LA-ICP-MS 
R2 G7 core 1248.8 23.2 LA-ICP-MS 
R2 G32 1287.6 19.5 LA-ICP-MS 
R2 G47 1490.7 30.9 LA-ICP-MS 
R2 G20 core 1499.6 34.4 LA-ICP-MS 
CT145:    
R5 G29 rim 416.7 11.6 LA-ICP-MS 
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Sample No. U/Pb zircon age (Ma) Error (Ma,1σ) Data Collection Method 
CT145 continued: 
R6 G29 rim 440.5 8.3 LA-ICP-MS 
R5 G33 rim 445.5 9.9 LA-ICP-MS 
R6 G31 rim 451.4 14 LA-ICP-MS 
R5 G23 rim 455 9.2 LA-ICP-MS 
R5 G2 rim 464.5 11.1 LA-ICP-MS 
R5 G22 rim 598.1 20.4 LA-ICP-MS 
R5 G8 rim 774.3 26.6 LA-ICP-MS 
R6 G31 877.9 23 LA-ICP-MS 
R5 G1 970.7 9 LA-ICP-MS 
R5 G30 982.3 34.6 LA-ICP-MS 
R5 G13 rim 985.4 42.2 LA-ICP-MS 
R5 G5 1027.8 33.4 LA-ICP-MS 
R5 G25 1049.3 57.8 LA-ICP-MS 
R5 G14 1055 73.8 LA-ICP-MS 
R5 G13 core 1056.6 74.2 LA-ICP-MS 
R5 G4 core 1116 63.7 LA-ICP-MS 
R5 G22 core 1149.5 41.8 LA-ICP-MS 
R5 G8 1157.4 32.4 LA-ICP-MS 
R5 G33 core 1181.8 26.6 LA-ICP-MS 
R5 G19 1193.9 38.7 LA-ICP-MS 
R6 G23 1202.5 23.4 LA-ICP-MS 
R5 G2 core 1202.9 27.5 LA-ICP-MS 
R5 G29 core 1203.1 41.4 LA-ICP-MS 
R5 G23 core 1227.2 42.9 LA-ICP-MS 
R5 G37 rim 1255.5 22.5 LA-ICP-MS 
R5 G23 core 1279.8 42.1 LA-ICP-MS 
R4 G1 tip 1156 63.2 SIMS 
R4 G1 core 1208 35.6 SIMS 
R4 G9 core 929.5 77 SIMS 
R4 G9 tip 1025 63.6 SIMS 
R4 G11 core 1019 171 SIMS 
R4 G11 tip 1117 34.5 SIMS 
R4 G10 rim 1118 55.9 SIMS 
R4 G10 core 1092 59.5 SIMS 
R4 G13 core 849.5 488 SIMS 
R4 G13 rim 1072 63.1 SIMS 
R4 G17 rim 1004 31.5 SIMS 
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Sample No. U/Pb zircon age (Ma) Error (Ma,1σ) Data Collection Method 
CT145 continued: 
R4 G17 core 1063 106 SIMS 
R4 G20 rim 1298 250 SIMS 
R4 G20 core 1190 87.3 SIMS 
R4 G21 core 1167 91.8 SIMS 
R5 G4 core 1262 122 SIMS 
R5 G4 rim 1252 115 SIMS 
R5 G5 core 1207 161 SIMS 
R5 G5 rim 1230 66.1 SIMS 
R5 G8 core 940.4 24.6 SIMS 
R5 G8 rim 429 28 SIMS 
R5 G19 core 980.7 89 SIMS 
R5 G19 rim 1205 150 SIMS 
R6 G13 rim 461 18.5 SIMS 
R6 G13 core 923.6 191 SIMS 
R6 G16 rim 871.5 72.9 SIMS 
R6 G16 core 1433 113 SIMS 
R6 G21 1054 74.3 SIMS 
R6 G17 core 833.2 85.5 SIMS 
R6 G17 rim 1001 23.2 SIMS 
R6 G18 rim 459.8 7.29 SIMS 
R1 G19 963.8 57.3 SIMS 
R1 G18 1209 36.8 SIMS 
R3 G6 1185 46 SIMS 
R9 G1 1128 182 SIMS 
R9 G5 1137 200 SIMS 
R9 G12 1024 18.2 SIMS 
R9 G18 892.7 126 SIMS 
R6 G18 core 997.6 102 SIMS 
R8 G6 1171 16.7 SIMS 
R1 G12 core 1139 51.2 SIMS 
R7 G15 1040 108 SIMS 
R6 G9 core 940.6 78.4 SIMS 
R6 G9 grey rim 438.6 8.48 SIMS 
R6 G9 white 
rim 417.9 8.95 SIMS 
R6 G9 core 902.5 101 SIMS 
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Sample No. U/Pb zircon age (Ma) Error (Ma,1σ) Data Collection Method 
CT147: 
R8 G2 rim 424.7 11.4 LA-ICP-MS 
R7 G1 tip 429.2 4.2 LA-ICP-MS 
R7 G14 low tip 467.6 6.5 LA-ICP-MS 
R8 G38 tip 469.9 12.4 LA-ICP-MS 
R8 G15 786.9 12.5 LA-ICP-MS 
R8 G19 873.7 14.5 LA-ICP-MS 
R8 G52 931.9 8.7 LA-ICP-MS 
R7 G1 core 945.1 11.1 LA-ICP-MS 
R8 G29 957.3 95.1 LA-ICP-MS 
R7 G28 958 50.5 LA-ICP-MS 
R8 G32 980.7 44.1 LA-ICP-MS 
R7 G14 core 1009.1 38.4 LA-ICP-MS 
R8 G2 core 1013.7 14.5 LA-ICP-MS 
R8 G43 1020.3 38.1 LA-ICP-MS 
R7 G33 1044 51.5 LA-ICP-MS 
R8 G1 1076.3 30.9 LA-ICP-MS 
R8 G17 1099.1 76.1 LA-ICP-MS 
R7 G7 1124.3 32 LA-ICP-MS 
R8 G11 1126.7 30.7 LA-ICP-MS 
R8 G27 1132.2 37.4 LA-ICP-MS 
R7 G20 1135.2 36.4 LA-ICP-MS 
R8 G10 1145.2 45.5 LA-ICP-MS 
R8 G46 1151.4 65.9 LA-ICP-MS 
R8 G51 1153.9 44.3 LA-ICP-MS 
R7 G26 1176.2 54.7 LA-ICP-MS 
R8 G30 1184.3 43.9 LA-ICP-MS 
R7 G38 1192 67.6 LA-ICP-MS 
R8 G38 core 1195.1 87.1 LA-ICP-MS 
R8 G34 1287.5 43.8 LA-ICP-MS 
R7 G8 1296 43.6 LA-ICP-MS 
R8 G44 1298.6 35.4 LA-ICP-MS 
R7 G6 1299 63.7 LA-ICP-MS 
R8 G6 1312 19.5 LA-ICP-MS 
R8 G49 1364.4 208.4 LA-ICP-MS 
R8 G22 1401.4 40.8 LA-ICP-MS 
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Table 2.3: Isotope ratios, grain size, and non-corrected ages for CT-147 
detrital garnet 
Isotope ratios and original ages calculated without blank-correction along with 
grain size estimates.  The grain size estimates are based on starting grain weight 
(mg) and the maximum cross-sectional area of the grain calculated from BSE 
images.  The grains with the darkest grey backgrounds were discarded due to 
low precision ages or analytical problems. Age errors are 2σ. 
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Table 2.4: Surface major element chemistry by tabletop SEM for dated 
garnet grains 
Garnet major-element chemistry measured on uncoated, unpolished grain 
surfaces using a tabletop SEM.  The value given for the end-member represents 
the average of all analyses on a single grain, while the error is one standard 
deviation of all averaged values. 
 
 
Grain 
average 
Mg 
Mg 
1SD 
Grain 
average 
Fe 
Fe 
1SD 
Grain 
average 
Mn 
Mn 
1SD 
Grain 
average 
Ca 
Ca 
1SD 
T1 
grain04 
12.31 3.85 75.47 2.93 7.48 1.77 4.74 0.65 
T2 
grain12 
6.33 2.39 63.13 1.50 10.97 1.20 19.57 1.23 
T3 
grain13 
12.93 4.14 72.80 3.60 6.36 1.21 7.91 1.75 
T4 
grain08 
19.12 3.24 69.76 3.74 6.71 1.09 4.41 0.85 
T5 
grain03 
15.11 2.64 68.61 2.42 9.13 1.54 7.15 1.20 
T6 
grain09 
10.40 2.04 73.92 3.87 7.69 0.04 7.99 1.79 
T8 
grain01 
13.12 2.15 69.55 0.85 10.65 2.44 6.67 1.14 
T9 
grain02 
14.46 2.95 70.34 3.60 7.01 1.90 8.19 2.36 
T10 
grain05 
14.59 0.40 73.50 0.87 5.95 1.17 5.95 0.10 
T11 
grain06 
16.54 2.28 70.00 0.80 5.94 1.03 7.52 2.49 
T13 
grain11 
10.65 4.17 70.17 3.20 7.94 2.75 11.25 0.71 
T15 
grain16 
12.71 1.13 74.00 1.05 5.59 0.60 7.69 1.02 
T16 
grain30 
17.17 6.62 72.28 5.98 4.92 1.99 5.64 1.90 
T17 
grain33 
18.55 1.70 68.88 0.00 4.67 1.02 7.90 2.72 
T18 
grain36 
14.36 2.23 69.88 8.14 4.67 0.48 11.09 5.43 
T20 
grain24 
12.61 2.03 74.38 1.89 7.43 0.96 5.59 0.76 
T22 
grain39 
8.91 3.09 64.94 2.55 13.50 2.75 12.64 3.34 
T26 
grain35 
13.69 2.61 74.34 2.52 4.49 1.28 7.48 2.77 
T29 
grain45 
8.05 2.01 70.88 0.22 7.10 0.50 13.97 1.70 
  
  
59 
 
 
Table 2.5: Isotope ratios and blank-corrected ages for CT-147 detrital 
garnet analyses 
Isotope ratios and ages calculated using the blank-correction protocol along with 
Nd TIMS load size.  The values (isotope ratios, magnitude, and associated 
errors) for the blank used in the blank-correction are provided in the final row of 
the table.  The grains with the darkest grey backgrounds were discarded due to 
low precision ages or analytical problems. Age errors are 2σ. 
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Table 2.6: Blank-corrected garnet age summary 
Nineteen accepted, blank-corrected detrital garnet ages from this study.  Also 
included are the failed or rejected age attempts and the reasons for sample loss 
or rejection. 
 
Sample: Age (Ma)  +/- (Ma, 2σ) 
T1: 436 10 
T2: 445 20 
T3: 432 10 
T4: 446 4 
T5: 442 23 
T6: 432 15 
T7: Leach small and <1.0 spread in Sm/Nd - 635 +/- 110 Ma 
T8: 473 9 
T9: 439 14 
T10: 420 7 
T11: 419 27 
T12: Sm failed to run - no age 
T13: 426 19 
T14: Leach small and <1.0 spread in Sm/Nd - 588 +/- 130 Ma 
T15: 400 27 
T16: 411 46 
T17: 402 27 
T18: 405 22 
T19: Grain lost in chemistry - no age 
T20: 425 33 
T21: Garnet Nd ran poorly - 473 +/- 120 Ma 
T22: 410 37 
T23: No spread in Sm/Nd data - no age 
T24: Grain lost in chemistry - no age 
T25: Garnet small and <1.0 spread in Sm/Nd - 586 +/- 76 Ma 
T26: 418 30 
T27: Grain lost in chemistry - no age 
T28: Both garnet and leach small - negative age 
T29: 396 24 
T30: Sm failed to run - no age 
T31: Both garnet and leach small - 521 +/- 120 Ma 
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CHAPTER 3: Paired chemical compositions and Sm-Nd isotope age systematics 
of garnet from the Narryer Terrane (Western Australia) 
Kathryn A. Maneiro1, Ethan F. Baxter1,2, Stephen Mojzsis3,  
Michael Williams4, Michael Jercinovic4, and Horst Marschall5 
1Boston University, Department of Earth and Environment 
2Boston College, Department of Earth and Environmental Science 
3University of Colorado Boulder, Department of Geological Sciences 
4University of Massachusetts Amherst, Department of Geosciences 
5Woods Hole Oceanographic Institution, Department of Geology and Geophysics 
Abstract 
In the Narryer Terrane of Western Australia, zircon chemistry and age 
have been repeatedly studied in search of Earth’s oldest known terrestrial 
materials and the information those materials contain about the Earth’s earliest 
environment, but questions remain about the timing of detrital deposition and the 
post-depositional metamorphic histories of these critical materials.  Study of the 
mineral garnet could provide an additional detrital record if detrital garnet could 
be located within the metasediments, and analysis of in situ metamorphic garnet 
clarifies the timing and potential conditions of Archean post-depostional 
tectonometamorphism in the region.  This work investigated two 
metasedimentary samples from the Jack Hills metasedimentary belt to determine 
whether detrital garnet was present.  No garnet was identified in either available 
sample.  Additionally, we present the first paired compositional and age analyses 
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for in situ metamorphic garnet from the Narryer Terrane.  The two samples 
located ~ 4 km south of the Jack Hills metasedimentary belt provide metamorphic 
age constraints of  2592.0 ± 9.2 Ma (MSWD=5.2, n=5) for sample JH03023 and 
2575.4 ± 4 Ma (n=2) for JH03024.  Reverse Mn zonation and compositional 
divergence of garnet rims preserve evidence for retrograde reequilibration and 
garnet growth in a heterogeneous whole rock.  Garnet ages are interpreted as a 
new minimum bound for the timing of a regional metamorphic event in the 
Narryer Terrane lasting until ca. 2575 Ma. 
3.1 Introduction 
The question of what happened during Earth’s “dark age” has motivated 
an ongoing search to locate, date, and characterize mineral grains encapsulating 
information about the Earth’s earliest geologic history.  Since the discovery of the 
first zircon exceeding 4.0 Ga at Mount Narryer and later discovery of zircon up to 
4.4 Ga within the Jack Hills metasedimentary belt, portions of the Narryer 
Terrane in the Yilgarn Craton of Western Australia have been the focus of repeat 
geochronologic study (e.g. Froude et al., 1983; Wilde et al., 2001).  However, 
with concentrated attention focused on grains recording the pre-depositional 
history of the Narryer Terrane and despite the potential for geochemical 
alteration by post-depositional metamorphic events, the timing and conditions 
associated with post-depositional Archean metamorphic events across the region 
have received little attention.  To fully understand and accurately interpret the 
post-depositional history of Narryer field sites hosting the Earth’s oldest known 
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terrestrial materials, we turn to one of the common mineral markers of 
metamorphism: garnet.  
Ages of in situ metamorphic garnet growth can provide a critical 
independent record of the major post-depositional metamorphic events.  
Metamorphic garnet ages and chemical compositions can also be paired with the 
chemistry of other metamorphic minerals to provide estimates for the 
tectonometamorphic conditions experienced by the host rock and the early 
terrestrial remnants they contain.  Garnet within Archean metasedimentary rocks 
could also potentially be detrital.  Use of a newly developed detrital garnet 
geochronometer (Baxter et al., 2012; Baxter et al., 2010, Chapter 2, Appendix A) 
paired with detrital garnet chemistry could reveal information about pre-
depositional metamorphism complementing existing monazite and zircon records 
should Archean detrital garnet be located in the future. 
Garnet geochronology has been sparsely attempted across global 
Archean cratons despite its reported presence and broad utility as a marker of 
metamorphism.  As the host of the Earth’s oldest terrestrial material, the Narryer 
Terrane was identified as a primary target for garnet geochronology in the search 
for Earth’s oldest garnet and documentation of sites containing Archean garnet.  
As a metamorphic index mineral and proven recorder of metamorphic timing and 
conditions, analysis of old garnet and compilation of a global Archean garnet 
database may not only clarify the metamorphic histories of these critical sites, but 
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also contribute to the study of garnet’s mineral evolution with potential 
implications for the genesis of modern-style plate tectonics.   
This study sought to identify detrital garnet in available samples from the 
Jack Hills metasedimentary belt and also to date in situ metamorphic garnet from 
the broader Narryer Terrane.  The primary goals of the study were to clarify the 
timing of post-depositional metamorphism in the Jack Hills metasedimentary belt 
and broader Narryer Terrane and also to expand the global Archean garnet 
record.  The first paired garnet ages and chemical analyses for the Narryer 
Terrane presented in this study provide a robust minimum constraint on the 
timing of post-depositional metamorphism in the region. 
3.2  The search for Jack Hills’ garnet 
The Jack Hills metasedimentary belt contains the Earth’s oldest known 
terrestrial materials in the form of detrital zircons with ages ≥ 4.0 Ga, with one 
portion of a zircon grain dated to 4.4 Ga (e.g. Cavosie et al., 2005; Compston 
and Pidgeon, 1986; Froude et al., 1983; Wilde et al., 2001).  Two samples from 
the Jack Hills metasedimentary belt were processed in search of potential detrital 
garnet preserved in the Jack Hills following examination of mineral separates 
containing minerals optically similar to garnet.  The first sample, JH992, was 
collected by S. Mojzsis during an excursion to the location of the “discovery 
outcrop” at Eranondoo Hill in the Jack Hills of Western Australia, also known as 
location W74 from Wilde et al. (2001) that produced some of the oldest zircons 
identified to date.  The reported GPS sampling location from Mojzsis et al. (2001) 
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is S26° 10.09′, E116° 59.39’.  The second sample, JH0101, is from ~ 250 m west 
along strike from the sample location for JH992.  Trail et al. (2007) reported 
“preserved stream bedform and scour features with bands rich in heavy minerals" 
at this location, considered favorable for the potential preservation of detrital 
garnet. 
The original split of JH992 (~25 g) received from S. Mojzsis had already 
been crushed, sieved, processed with heavy liquids, and undergone magnetic 
separation at the University of Colorado Boulder (UC Boulder) to provide a 
heavy, magnetic split.  At Boston University (BU) a hand magnet and Frantz 
electromagnetic separation were used to complete processing.  Candidate grains 
were handpicked from the magnetically separated sample and also from the 
original material received.  Handpicked grains were analyzed for major element 
chemistry on an environmental SEM at Woods Hole Oceanographic Institution 
(WHOI).  No garnet was identified.  Instead, grains were identified as pink zircon, 
black rounded chromite, and a deep red iron-oxide.  The original split of JH0101 
(65 g) was unprocessed beyond crushing and sieving at UC Boulder upon receipt 
at BU.  This sample underwent Frantz electromagnetic separation at BU, but no 
grains optically similar to garnet were identified.   
Additional splits of both samples were selected for second attempts at 
mineral separation due to concern that the samples may have been fractionated 
during processing at UC Boulder, as the samples were originally processed for 
use in zircon geochronology.  Chosen secondary splits had undergone crushing 
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and sieving at UC Boulder but no heavy liquid or magnetic separation.  The least 
processed and coarsest grain size splits available were chosen.  Sample JH0101 
(~165 g) included grains and grain composites ≥ 40 mesh, and sample JH992 
(~150 g) included grains and grain composites ≥ 42 mesh.  Both samples were 
sent out for further processing by GeoSep Services.  Samples were crushed to a 
uniform grain size and washed.  Lithium metatungstate heavy liquids were used 
to isolate the heavy minerals.  Frantz electromagnetic separation isolated 
material within the usual magnetic susceptibility range for garnet.  Both samples 
were then handpicked to select grains optically similar to garnet at BU.  Sample 
JH0101 contained few potential garnet grains and was abandoned.  Potential 
target grains from sample JH992 were mounted and analyzed for major element 
chemistry using the tabletop SEM at WHOI.  No garnet was definitively identified, 
although one grain gave an ambiguous result.  A WITec Raman system at 
Boston College was used to confirm that the ambiguous grain is not garnet.  The 
Raman spectrum is a match for quartz, with an oxidation surface on part of the 
grain.  The ambiguous tabletop SEM analysis was attributed to poor grain 
orientation relative to the collector and spot averaging with the oxidized iron 
coating on the grain surface. 
No garnet was definitively identified in the two samples investigated from 
the Jack Hills metasedimentary belt despite multiple attempts.  False reports of 
garnet’s presence at the classic Jack Hills’ “discovery outcrop” may result from 
optical misidentification of pink zircon, rutile, fractured chromite, or prevalent iron 
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oxidation on grain surfaces.  While trace garnet could exist in either sample and 
may have been missed due to sample fractionation or garnet sparsity, it is 
unlikely given the identification efforts undertaken.  Additional samples from the 
Jack Hills “discovery outcrop” should be evaluated for verification to make sure 
garnet was not missed due to outcrop sampling because past sampling was 
never geared toward a search for garnet.   
To our knowledge, there are no published reports of garnet at the 
“discovery outcrop” at Eranondoo Hill in the Jack Hills of Western Australia, also 
known as location W74 from Wilde et al. (2001). Garnet has been rarely 
identified in the literature as a potential mineral component elsewhere within the 
Jack Hills metasedimentary belt, and to the best of our knowledge no chemical or 
age analysis of identified garnet from within the Jack Hills have been published, 
likely because garnet is sparse and limited in extent (Iizuka et al., 2010; 
Rasmussen et al., 2010; Spaggiari et al., 2007).  Garnet has been reported in 
lists of minerals present in Mt. Narryer metasediments, but no garnet ages have 
been reported.  IIzuka et al. (2010) reported LA-ICP-MS scan analyses across 
garnet from Mt. Narryer, indicating preservation of flat major element patterns.  
The major element patterns in Mt. Narryer garnet were likely diffusively flattened 
during granulite grade metamorphic conditions inferred from the accompanying 
mineral assemblage, making preservation of detrital garnet unlikely.  We 
welcome contributions of samples containing garnet from the Jack Hills 
metasedimentary belt to continue the search for preserved detrital garnet, as the 
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Jack Hills metasediments experienced lower grade metamorphism than Mt. 
Narryer and offers conditions more conducive to preservation of detrital garnet.  
Because no garnet was identified in available samples from the Jack Hills, the 
study shifted to focus on garnet identified in samples JH03023 and JH03024 
within the broader Narryer Terrane to provide constraints on regional 
metamorphism. 
3.3 Geologic Setting 
Sample JH03023 is approximately 4 km south of the Jack Hills 
metasedimentary belt within the Narryer Terrane and was collected at S 26° 
12.345', E 116° 57.78'.  This sample is gneissic and based on field location is a 
component of the Meeberrie Gneiss.  Sample JH03024 is in close proximity to 
sample JH03023 at S 26° 12.253’, E 116° 57.635', also 4 km south of the Jack 
Hills metasedimentary belt.  Based on field notes and geologic maps of the area, 
the sample is described as part of a quartz + plagioclase feldspar + biotite + 
garnet schist metasedimentary enclave within the Meeberrie Gneiss (Mojzsis 
pers comm).  A generalized regional map indicating the sample locations is 
provided in Figure 3.1, and a geologic map of the region south of the Jack Hills is 
provided as Figure 3.2.  Figure 3.3 shows field photographs of the two outcrops 
provided by S. Mojzsis. 
The Meeberrie Gneiss within the sampled region consists of multiple 
migmatized tonalitic to granitic gneiss components engulfing layered gabbro-
anorthosite of the Manfred Complex and small outcrops of metasedimentary 
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units (Myers, 1988; Myers and Williams, 1985; Pidgeon and Wilde, 1998).  The 
Meeberrie Gneiss outcrops across the southern portion of the Narryer Terrane 
and is primarily described as “alternating bands of quartzo-feldspathic and 
biotite-rich units that define a prominent layering” (Wilde and Spaggiari, 2007).  
U-Pb in zircon was used to date two samples of the Meeberrie Gneiss located 
within one km of the JH03023 and JH03024 sample sites to 3731 ± 4 Ma and 
3730 ± 5 Ma, marking the oldest known isochron ages for cohesive rocks in 
Australia (Nutman et al., 1993; Nutman et al., 1991; Wilde and Spaggiari, 2007).  
Based on all model ages and zircon core and rim ages reported for the 
Meeberrie Gneiss, crystallization ages of Meeberrie protoliths are constrained to 
ca. 3600-3730 Ma, with an additional event recognized around 3300 Ma variably 
interpreted as granulite facies metamorphism or an additional contributing 
igneous protolith event (De Laeter et al., 1985; De Laeter et al., 1981a; De Laeter 
et al., 1981b; Kinny et al., 1990; Kinny et al., 1988; Kinny et al., 1991; Kinny and 
Nutman, 1996; Myers and Williams, 1985; Nutman et al., 1993; Nutman et al., 
1991; Pidgeon and Wilde, 1998; Williams and Myers, 1987).  Fragments of the 
Manfred Complex, dated at 3730 ± 6 Ma by Kinny et al. (1988) using zircon 
isochron ages, are included as enclaves within the Meeberrie Gneiss.  The 
Manfred Complex is primarily described as “metamorphosed anorthosite, 
leucogabbro, gabbro, and ultramafic rocks,” and this layered igneous complex is 
also considered one of the oldest components of the Narryer Terrane as it 
matches the age of the oldest component of the Meeberrie Gneiss it is included 
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within (Kinny and Nutman, 1996; Myers, 1988).    Additionally, enclaves of 
metasedimentary rock are found within the Meeberrie.  These metasedimentary 
units are primarily composed of “quartzite and BIF, with minor pelitic and semi-
pelitic rocks and calc-silicate gneisses” (Wilde and Spaggiari, 2007).   
Within the broader Narryer Terrane, the two largest exposures of 
metasedimentary rocks occur at Mt. Narryer and within the Jack Hills 
metasedimentary belt.  These two sites are the same locations where the oldest 
zircon ages have been recorded and that have been most thoroughly studied 
(e.g. Amelin, 1998; Blichert-Toft and Albarède, 2008; Compston and Pidgeon, 
1986; Froude et al., 1983; Harrison et al., 2005; Maas et al., 1992; Maas and 
McCulloch, 1991).  Metamorphism within the Mt. Narryer metasedimentary belt is 
better constrained than Jack Hills’ metamorphism due to the preservation of high 
grade metamorphic conditions and the growth of index minerals useful in 
geothermobarometry and geochronology.   Mt. Narryer metasediments reached 
granulite and amphibolite facies conditions during a metamorphic event between 
ca. 2.75 and 2.60 Ga (Kinny et al., 1990; Myers, 1990; Spaggiari, 2007).  The 
timing of post-depositional metamorphic events in the Jack Hills are most tightly 
constrained by monazite and xenotime geochronology, which indicate possible 
metamorphic events at ~2.65 Ga, ~1.86 Ga, and 0.8 Ga, with the first event 
thought to reflect the timing of peak metamorphic conditions experienced in the 
Jack Hills (Figure 3.4; Iizuka et al., 2010; Iizuka et al., 2011; Rasmussen et al., 
2010).  The peak post-depositional metamorphic conditions in the Jack Hills are 
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commonly approximated as greenschist to low-grade amphibolite facies based 
on field identification of grunerite in BIF, quartz-biotite-chloritoid assemblages, 
and the association of calcic plagioclase with hornblende (Wilde and Pidgeon, 
1990).  The only additional known temperature estimates for Jack Hills’ 
metamorphic conditions are derived from a Ti-in-quartz study from quartz within a 
metaconglomerate matrix reaching 509 ± 80°C and interpreted as the peak in 
situ metamorphic temperature and quartz from within the conglomerate pebbles 
reaching 437 ± 22°C and interpreted as a temperature constraint for a pre-
depositional metamorphic event (Menneken et al., 2011).  A more recent study 
indicates that those temperatures may have been too high and reinterpreted the 
temperatures as an indication of regional greenschist metamorphism, although 
the specific revised temperatures are unavailable since both studies have only 
been reported in conference abstracts (Ackerson et al., 2014).  Additional 
information on the timing and conditions of metamorphism is needed to fully 
constrain the tectonometamorphic history of the Jack Hills metasedimentary belt. 
Metamorphic evidence preserved outside of the metasedimentary rocks of 
Mt. Narryer and the Jack Hills also support regional metamorphism across the 
Narryer Terrane from ca. 2600-2750 Ma.  This event has been attributed to the 
collision of the Narryer Terrane and the granite-greenstone Youanmi Terrane 
during amalgamation of the broader Yilgarn Craton (Spaggiari et al., 2007).  
Evidence for the timing of this event includes injection of granites across the 
collisional zone from 2750-2620 Ma and low Th/U overgrowth rims on zircon with 
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ages of 2680-2700 Ma (e.g. Kinny et al., 1990; Myers, 1988, 1990; Nutman et al., 
1991; Pidgeon and Wilde, 1998; Wilde and Spaggiari, 2007).  Conditions during 
this event varied across the Narryer Terrane, from greenschist facies within the 
Jack Hills metasedimentary belt up to potential granulite facies near Mt. Narryer 
as discussed above, although the bulk of the terrane was thought to experience 
amphibolite facies metamorphism (Myers, 1988, 1990; Nutman et al., 1991).  An 
additional regional event in the Narryer Terrane from 1830-1780 Ma is attributed 
to collision between the Yilgarn and Pilbara cratons leading to the Capricorn 
Orogeny (e.g. Occhipinti et al., 2004; Spaggiari et al., 2007). 
3.4 Methods 
3.4.1 Sample processing and pre-rinse procedures 
Prior to receipt of samples JH03023 and JH03024, they were crushed and 
sieved to a grain size of 105-297 µm at UC Boulder.  Acetylene tetrabromide and 
methylene iodide heavy liquids were used to isolate heavy minerals prior to 
further processing by Frantz electromagnetic separation at UC Boulder.  Once 
the heavy, magnetic garnet separates arrived at BU, garnet grains were 
handpicked and any grains optically similar to garnet were selected to ensure 
that population variations would be identified during major element compositional 
analysis if present. Prior to surface analysis, grains were placed in capped Teflon 
beakers in an ultrasonic bath and rinsed in 1.5 N hydrochloric acid for fourteen 
hours to chemically remove sample matrix or oxidation surfaces remaining on the 
grains following crushing and sieving.   
  
75 
Due to the low concentration of Nd and Sm in garnet, the small grain size, 
and limited available material, multiple garnet grains were grouped for age 
analysis.  As a result of grouping, if multiple populations of garnet with different 
ages are present in the sample, age averaging must be considered.  An attempt 
was made to mitigate potential age averaging by using the fewest grains 
necessary to produce useful analytical precision and by grouping grains with 
similar average Mn content as determined by environmental SEM for some 
attempts with the fewest grains, but discrimination between those ages is 
minimal due to the low precision of these extremely small Nd analyses.  Each 
final garnet grouping included four to twenty-five individual grains, with starting 
weights of 0.80-1.42 mg of garnet for the larger groupings (25 grains) and 0.1-0.2 
mg of garnet for small compositional groupings (3-5 grains). 
3.4.2 Environmental SEM and electron microprobe procedures 
 Proof-of-concept testing for the new detrital garnet geochronometer has 
demonstrated the utility of the environmental SEM for surface determination of 
major element chemistry (Chapter 2 and Appendix A). Analysis by environmental 
SEM does not require polishing or coating of samples when operating in charge-
up reduction mode, allowing for collection of major element data from garnet 
grains to be dated without grain size reduction or introduction of potential 
contaminants from coating.  Grains from both samples were mounted on an 
aluminum specimen mount using carbon tape and analyzed for major element 
chemistry using a Hitachi TM3000 tabletop SEM with a Bruker Quantax70 
  
76 
Energy Dispersive X-ray Spectrometer (EDS) attachment, providing both 
backscatter electron (BSE) and EDS capabilities.  BSE images and multiple EDS 
analyses were collected for each grain analyzed.  During EDS analysis, grains 
were analyzed for O, Si, Al, Fe, Mn, Mg, and Ca content using 2 to 5 point 
analyses per grain and spot sizes varying from 7-105 µm.  Locations for point 
analyses were selected visually to maximize counts during EDS analysis based 
on instrument geometry, to avoid cracks, and to minimize the influence of surface 
pitting or coatings that could interfere with accurate elemental analysis.  Multiple 
analyses were made for each grain to capture any compositional zoning within 
grains, and analyses with poor site assignment totals (overall or for specific 
crystallographic sites) were rejected.  
A small subset of the grains analyzed by tabletop SEM were additionally 
mounted in epoxy and polished approximately through the grain centers using a 
combination of sandpapers with varying grit and polishing pastes to minimize 
surface topography.  The interior chemistry of the grains were analyzed by point 
analyses at the Massachusetts Institute of Technology (MIT) and also at the 
University of Massachusetts Amherst on the Cameca SX50 and Cameca 
Ultrachron electron microprobes using a combination of major element 
compositional maps and fine traverses with 3-7µm steps from core to rim. 
3.4.3 Clean lab chemistry and TIMS procedures 
Clean lab chemistry for Sm-Nd garnet geochronology was completed at 
BU using the partial and full dissolution, column chemistry, and TIMS analysis 
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procedures provided in Appendix A.  Following grouping of selected garnet 
grains described above (3.4.1), each group underwent a partial dissolution 
procedure designed to preferentially dissolve inclusions within the garnet.  During 
partial dissolution, grains were exposed to hydrofluoric acid for ten to twenty 
minutes to expose and dissolve the silicate inclusions less chemically resistant 
than garnet.  The remaining solid residue was then sequentially exposed to 
perchloric, nitric, and aqua regia acids to break down secondary fluorides and 
dissolve remaining susceptible inclusions.  Acids containing dissolved inclusions 
at the end of each step were retained and combined into a single leachate 
analyzed as a potential point for use in two-point detrital garnet isochrons.  The 
remaining garnet residue was weighed and fully dissolved using hydrofluoric, 
nitric, and aqua regia acids along with intermittent heat (120°C) and an ultrasonic 
bath to ensure full dissolution. 
Fully dissolved samples underwent a three-step column chromatography 
process to separate Sm and Nd.  The first column removes iron from the system 
so that it will not overwhelm subsequent columns. The second microcolumn 
isolates the rare earth elements.  The final column utilizes pH adjusted 0.2 N 2-
hydroxyisobutyric acid (MLA) and AG50w×4 resin to separate Sm and Nd cuts.  
Following column chemistry samples are dried down overnight, treated with aqua 
regia and concentrated nitric acids to remove organic residue from the MLA, and 
loaded onto filaments.   
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For TIMS analysis, Nd is loaded on single rhenium filaments with a 
tantalum oxide and phosphoric acid activator slurry and run on the TIMS as an 
oxide to improve ionization efficiency (Harvey and Baxter, 2009). Sm is loaded 
on double rhenium filaments and run as a metal. The Boston University TIMS 
facility runs an in-house Ames metal standard as NdO+ to monitor long-term 
reproducibility.  External reproducibility over the course of this study for 
143Nd/144Nd was 0.512124 ± 0.000007 (13.7 ppm 2σ, n=24).  The long-term 
precision for the 147Sm/144Nd ratio is reported as better than 0.023% based on 
repeat analyses of a mixed gravimetric normal solution with in-house spike.  All 
reported analyses use the higher value of either the 2σ internal run precision or 
the long-term external 2σ precision as the 147Sm/144Nd and 143Nd/144Nd errors for 
age calculation.  Offline corrections are made for instrument fractionation, for 
oxygen isotopes in the NdO+ measurement, and for interferences from minor Pr 
and Sm on NdO+ and Gd on Sm. 
3.4.4 Precision and blank considerations for small sample analysis 
All garnet and some leach analyses involved Nd loads of less than 1 ng, 
with some samples smaller than 100 pg due to sample size limitations and use of 
the detrital garnet methodology (Table 3.1).  Use of samples containing less than 
1 ng of Nd requires careful consideration of resulting precision limitations and the 
contribution of Nd from potential environmental contaminants. 
Due to the challenges inherent in small sample analysis, smaller samples 
generally have much worse internal run precisions than larger samples.  
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However, assuming adequate spread in the Sm/Nd ratios (≥1.0) is achieved for 
ages older than 2.0 Ga, age precisions of ±25 Ma (2σ) or better are achievable 
despite sample size limitations from the fine grain size, limited available material, 
and compositional grouping.   This precision level is adequate for constraining 
the timing of early metamorphic events. 
The magnitude of environmental contamination as measured by blanks 
and the sample-to-blank ratio are primary concerns during small sample analysis; 
the continual push toward smaller samples necessitates an attention to blanks 
unprecedented in most Sm-Nd garnet isochron studies.  Typically when the 
sample is at least one hundred times the size of the blank, a blank correction is 
considered unnecessary since the contribution of contaminant Nd is minimal.  
However, in this study the blank potentially contributed more significantly to the 
total Nd, necessitating a blank correction.  Blank corrections are complicated by 
the difficulty inherent in accurately measuring the isotope ratios of contaminant 
Nd and large internal errors associated with Nd and Sm blank measurements.  
Table 3.2 provides all individual blank analyses used to monitor environmental 
contamination over the study duration.  On average the blank had a measured 
147Sm/144Nd ratio of 0.060 ± 0.021, a 143Nd/144Nd ratio of 0.5131 ± 0.0016, and a 
magnitude of 4.18 ± 0.80 pg of Nd. (± 2σ uncertainties on weighted averages, n = 
12).  The blank correction uses Monte Carlo simulation to subtract a randomized 
blank contribution within the measured isotope ratio ranges from the TIMS’ 
measured isotope ratios 10,000 times and averages the resulting ratios to 
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determine an average blank-corrected value.  The procedure also calculates the 
correlated uncertainties for 147Sm/144Nd and 143Nd/144Nd to provide a correlation 
coefficient that can be used to improve isochron age calculations.   
3.5 Results 
3.5.1 SEM grain surface analyses 
Analysis of garnet grains from both samples by SEM generated BSE 
images of grain shape as well as surface composition data.  Figure 3.5 shows 
BSE images of four representative garnet grains from JH03023.  Garnet grains 
average 100-500 µm in maximum diameter, euhedral faces are commonly 
absent, and grain shape is variable. 
Surface analyses were normalized to Si since O measurements on the 
tabletop SEM are inaccurate, and site assignment generated normalized end-
member compositions (Table 3.3).  The results are plotted in Figure 3.6 on a 
ternary diagram of the major element chemistry as defined by the four primary 
cation substitutions in garnet (Fe, Mn, Mg, and Ca).  Garnet major element 
chemistry is controlled by the pressure, temperature, and bulk rock composition 
at the time of garnet growth or potentially during reequilibration (e.g. Mange and 
Morton, 2007).  Both samples exhibit a similar trend in chemistry, though the total 
range of chemistries is more restricted for sample JH03024.  Sample JH03023 
contains up to 40% Mn for surface analyses.  From surface analyses alone, 
sample JH03023 could potentially include two different populations of garnet 
  
81 
marked by the discontinuity in the roughly linear major element chemistry trend, 
prompting further analysis by electron microprobe.   
3.5.2 Electron microprobe point analyses, compositional maps, and traverses 
The first electron microprobe point analyses for these samples were 
undertaken at MIT to confirm the major element chemistry trends observed using 
the tabletop SEM at WHOI.  The resulting microprobe spot analyses are plotted 
on the inset ternary diagram along with results from the tabletop SEM in Figure 
3.6 to demonstrate the confirmation of garnet major element chemistry.  
Additionally, the electron microprobe point analyses for sample JH03023 do not 
show a break in trend, as surface data alone had indicated was possible.  The 
surface data break can be attributed to sampling bias from surface analyses, 
which tend to overemphasize the rim composition and only reveal interior 
compositions on fractured surfaces.  The continuous chemical trends observed 
for each sample supports the presence of preserved compositional zonation. 
Additional electron microprobe analysis was undertaken at the University 
of Massachusetts Amherst to examine preserved major element zonation.  
Compositional maps for Mn and Mg for four polished garnet grains from each 
sample are presented in Figure 3.7.  The compositional maps are falsely colored 
to highlight major element zonation patterns and black lines indicate the locations 
of core-to-rim traverses.  In most grains, the zonation pattern mirrors the grain 
geometry (Figure 3.7, Panels B, C, and D).  However, in at least one grain the 
grain boundary cross-cuts the zonation pattern (Figure 3.7, Panel A).  Also, note 
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the reverse zonation with higher Mn at the rim rather than high Mn in the core 
that would be expected for simple prograde garnet growth (Panels A-D).  
Elevated Mn content throughout the grain, but particularly at the rim, was 
confirmed by electron microprobe traverses and prior spot analyses (Figure 3.8). 
Plots of compositional data from traverse measurements are provided in 
Figure 3.9 as an alternative illustration of compositional changes from core to 
rim.  Trends in these plots are helpful for identification of potential distinct garnet 
populations.  The clearest discrimination between grains is evident in Panel A of 
Figure 3.9 plotting MnO against MgO content.  Two different trends are present 
within the four grains from sample JH03023, and a separate trend occurs for 
sample JH03024.   
3.5.3 Sm-Nd geochronology 
Measured isotope ratios without blank corrections along with blank-
corrected ratios and correlation coefficients are provided in Table 3.1.  The 
analyses for the leaches associated with the high, medium, and low Mn 
compositional garnet groupings for sample JH03023 are discarded due to severe 
overspiking that interferes with accurate spike subtraction and offline correction 
and blank contribution of almost half of the sample due to the extreme sample 
size. The leach for JH03023 GR1 is discarded due to a poor Sm analysis 
resulting from user error during the TIMS run that caused the sample to run fewer 
than sixty cycles.  The high Mn garnet for both samples JH03023 and JH03024 
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have a 147Sm/144Nd ratio below 1.0, indicating that they were not fully cleansed of 
inclusions and should be discarded or used only with caution. 
The detrital garnet Sm-Nd method developed at Boston University was 
used to allow for generation of two-point isochrons between garnet and the 
leached inclusions from within that garnet for each individual age attempt.  The 
two-point isochron ages are listed in Table 3.4.  The greyed two-point ages 
include discarded analyses and should be disregarded for the reasons discussed 
above: severe overspiking, user error, or potential inclusion contamination with 
low parent-to-daughter ratios.  None of the accepted two-point ages change 
outside of associated 2σ age errors due to blank correction. The garnet and 
leach analyses with their respective error ellipses generated by blank-correction 
and associated two-point isochrons are shown in Figure 3.10.   
Analysis of a whole rock from JH03023 was also undertaken for use with 
the garnet points to calculate more traditional multi-point Sm-Nd garnet isochron 
ages.  A multi-point garnet and whole rock age would be more appropriate than 
the two-point “detrital” ages assuming garnet growth was in situ during 
metamorphism and garnet was in equilibrium with the whole rock.  The whole 
rock analysis was derived from dissolution of a powdered portion of JH03023 that 
had undergone no prior processing.  All JH03023 garnet analyses excepting the 
dirty “high Mn garnet” analysis with a low 147Sm/144Nd plus the whole rock yield a 
seven point isochron age of 2590.5 ± 9.9 Ma (MSWD= 9.5).  Additionally, a five-
point isochron calculated using only the four largest garnet analyses and the 
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whole rock results in a calculated age of 2592.0 ± 9.2 Ma (MSWD = 5.2).  The 
three smallest groupings of garnet analyzed for sample JH03023 (high, medium, 
and low Mn garnet) plus the whole rock result in a calculated age of 2555 ± 11 
Ma with an MSWD of 1.3, largely due to the high internal run error associated 
with the small analyses.  The calculated multi-point isochron ages are provided in 
Table 3.4, and isochrons are plotted in Figure 3.11.   
3.6 Discussion 
3.6.1 Major element chemistry and garnet growth 
Garnet major element chemistry is useful in guiding interpretation of ages 
resulting from geochronology and can contribute to characterization of 
tectonometamorphic conditions experienced by garnet-bearing units.  To 
summarize the garnet chemistry, grains from both samples have fairly high Mn 
content (15-40% Mn formula units over total Mn+Mg+Ca+Fe, see Figure 3.6) and 
diffuse major element zonation in grain centers with consistent uptick in Mn and 
decreasing Mg approaching the grain edges.  The garnet grains are non-
euhedral with variable grain shape and major element patterns generally follow 
grain boundaries.  Traverses examining major element composition across 
grains indicate that JH03023 garnet rim chemistry may follow two differential 
trends, illustrated in the divergence within the sample in Panels A and D of 
Figure 3.9. 
Prograde growth zonation in garnet is generally characterized by a bell-
shaped Mn curve with the highest Mn content at the grain center, and increasing 
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Mg toward the rim (Tuccillo et al., 1990 and references therein).  The major 
element traverses across polished grain centers for samples JH03023 and 
JH03024 indicate that the zonation is diffuse and flat near the center of most 
grains.  Samples have high Mn compositions throughout, but the Mn content 
peaks at the rim rather than in the grain center.  Additionally, the samples show 
decreasing Mg toward the rim and fairly flat Ca profiles, with the exception of a 
sharp uptick directly at the edge of some grains.  Similar zonation profiles (high 
Mn and decreasing Mg at rim with flat Ca profile) have been reported in garnets 
that have experienced diffusional homogenization and preserve retrograde 
zonation (e.g. Tuccillo et al., 1990 and references therein).  Retrograde 
reequilibration and resorption are considered the most likely explanation for the 
major element composition and zonation of these grains. 
Additional support for retrograde reequilibration and resorption can be 
derived from reported regional temperatures, grain shape, and major element 
zonation.  Intracrystalline diffusion at upper amphibolite to granulite facies 
conditions or at lower temperatures for extended periods of time may flatten and 
destroy prograde zoning (e.g. Caddick and Kohn, 2013; Yardley, 1977).  No 
direct P-T estimates from geothermobarometry have been located in the 
literature for the sample locations.  Using the phase equilibrium program TWQ 
and the garnet-biotite thermometer of Ferry and Spear, point analyses on a 
single garnet and included biotite near the rim of the garnet indicate 
temperatures of 500°C assuming 2.0 kbar pressure or 467.5°C assuming 2.07 
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kbar pressure by respective method (Berman, 2007; Ferry and Spear, 1978).  
Due to the inclusion’s location at the rim within the increased Mn zone, this 
temperature should likely be attributed to retrograde conditions rather than peak 
temperatures experienced.  Estimates of metamorphic conditions during the peak 
regional metamorphism across the Narryer Terrane vary from estimated 
greenschist facies conditions within the Jack Hills metasedimentary belt 4 km to 
the north of the current sampling location up to granulite facies near Mt. Narryer 
to the east (Myers, 1988, 1990; Nutman et al., 1991).  Direct determination is 
needed to verify that these samples experienced high grade amphibolite to 
granulite facies conditions, but due to the sample location’s closer proximity to 
the presumed collisional boundary between the Youanmi and Narryer Terranes 
than the Jack Hills metasedimentary belt and the migmatization of the sampled 
units, amphibolite conditions or greater are inferred as likely.   
Non-euhedral garnet with varying grain shape could result from dissolution 
of euhedral faces during retrograde reequilibration.   Reverse profiles featuring 
increasing Mn and decreasing Mg in the rim can develop during cooling, 
especially if garnet or surrounding minerals are dissolved and their component 
elements are released and newly available for incorporation into garnet rims 
(Caddick and Kohn, 2013; Tracy et al., 1976).  Most of the zonation follows the 
irregular grain boundaries, indicating that the zonation developed while the grains 
were in their current shapes.  The single grain demonstrating truncation of 
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zonation at the grain boundary could result from cracking of the garnet grain 
during routine laboratory crushing for mineral separation. 
The plotted major element traverses shown in Figure 3.9 confirm that the 
garnet from the two samples are similar but discriminable on the basis of major 
element chemistry using compositional plots, as would be expected for garnet 
experiencing the same local P-T conditions but growing in different rock types.  
The offset between the two samples in CaO can be easily explained by differing 
bulk composition between the two samples.  However, explaining the two distinct 
major element trends observed within the same hand specimen of sample 
JH03023 requires additional discussion.   
For sample JH03023 the core compositions of the garnets are chemically 
similar but the rim compositions diverge into two separate compositional trends in 
plots of MgO vs MnO and of MgO vs FeO (Figure 3.9).  This observation requires 
either temperature and pressure condition variance within a hand sample or 
small scale heterogeneity in bulk composition, as garnet major element chemistry 
is primarily controlled by the pressure and temperature conditions and bulk 
composition during garnet growth (e.g. Mange and Morton, 2007).  The 
consistent core compositions provide no evidence for the presence of detrital 
garnet, allowing the assumption that the garnet in the sample was not derived 
from multiple source rocks that experienced vastly different pressure and 
temperature conditions.  Since the chemical divergence occurs toward the grain 
boundaries, the most likely explanation invokes compositional heterogeneity 
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within the hand sample.  For a gneissic sample, such as JH03023, this 
heterogeneity could be explained by differing matrix minerals in the quartzo-
feldspathic and biotite-rich layers of the gneissic sample.  Garnet in closer 
proximity to one layer over the other may experience different major element 
availability during reequilibration and resorption that could lead to dual trends in 
rim chemistry. 
3.6.2 Garnet ages 
Two-point isochron ages calculated using each garnet analysis paired with 
the leached inclusions from within that garnet are presented in Table 3.4.  
Acceptance of a two-point isochron age using a single garnet analysis and the 
associated leach is only appropriate in cases where there is supporting chemical 
or textural evidence for the preservation of detrital garnet or when an equilibrium 
whole rock analysis is unavailable.  For sample JH03023 there is no chemical 
evidence indicating that the sample is detrital and the source material has been 
identified as migmatized tonalitic to granitic gneiss, so the two-point ages are 
disregarded in favor of a multi-point bulk garnet age.  Note, however, that for the 
three two-point ages for JH03023 including only analyses meeting acceptance 
criteria, two of the ages overlap within error and the other age is younger.  For 
sample JH03024, a potential sedimentary precursor has been identified for the 
rock, and no Sm-Nd whole rock analysis was made.  Therefore, the two-point 
isochron age of 2575.4 ± 4.4 Ma is accepted as the best available age constraint 
for the sample. 
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The garnet from sample JH03023 should be regarded as the result of in 
situ metamorphic growth with likely retrograde reequilibration based on chemical 
zonation.  In situ metamorphic garnet is appropriately dated using a multi-point 
isochron composed of multiple garnet analyses and an equilibrium whole rock 
analysis.  Several multi-point isochrons calculated using different combinations of 
garnet aliquots and the whole rock are presented in Table 3.4  Of these ages, 
2590.5 ± 9.9 Ma (MSWD = 9.5, n = 7) and 2592.0 ± 9.2 Ma (MSWD = 5.2, n = 5) 
are candidates for the best age constraint for sample JH03023, and both ages 
agree within error.  The seven-point age uses the whole rock and all garnet 
analyses, with the exception of the “high Mn” garnet analysis since its low 
147Sm/144Nd indicates it has not been fully cleaned.  The five-point age uses just 
the four largest bulk garnet analyses and the whole rock. 
The question of which multi-point isochron is more appropriate hinges on 
whole rock heterogeneity and potential age averaging due to grouping of multiple 
garnet grains per age attempt.  The major element chemistry for the garnet in 
sample JH03023 indicates potential divergence in rim chemistry.  One 
interpretation for this observation invokes heterogeneity on the hand sample 
scale, which could be attributed to the gneissic layering in the sample.  If this 
interpretation is accepted, then care must be taken to only pair garnet and whole 
rock analyses that have a valid equilibrium relationship.  The garnet grains used 
in the four largest bulk garnet analyses were grouped without regard for major 
element chemistry; therefore those analyses likely include garnet with both rim 
  
90 
chemistries and should be paired with a bulk whole rock that includes all 
compositional layering.  For the smaller garnet analyses grouped on the basis of 
major element chemistry, divergent rim chemistries were more likely separated 
into different analyses.  If this were true, pairing the ages with a “whole rock” 
representing only the compositional layer the garnet grew in equilibrium with 
would be more appropriate.  Since analyses of the bulk composition of each layer 
are not available, the multi-point age using only the four largest garnet analyses 
and the bulk whole rock are considered the most valid constraint on the age of 
JH03023 at 2592.0 ± 9.2 Ma (MSWD = 5.2, n = 5).  This age also follows the 
procedure for traditional bulk garnet and whole rock Sm-Nd garnet 
geochronology most closely.   
Because this age uses the four largest garnet groupings without regard for 
major element chemistry, this age suffers from the greatest potential for age 
averaging between multiple age populations if present.  This may explain some 
minor scatter in the isochron, as each bulk garnet group could contain a different 
proportion of multiple populations.  However, there is little evidence for 
preservation of garnet with ages outside of ca. 2550-2600 Ma so any age 
averaging is likely minor and the result of staggered age closure during cooling.  
The coherency of the multipoint isochron despite minor scatter lends support to 
the non-detrital origin of the garnet and the presence of a single garnet age 
population within resolvable precision for Archean metamorphic events. 
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There is no reliable age evidence for preservation of garnet with ages 
outside of ca. 2550-2600 Ma.  To further explore the age scatter from different 
garnet analyses, Figure 3.12 provides an alternative method of age assessment 
using a normalized isochron plot.  The seven-point isochron (all clean garnet + 
whole rock) is used as the baseline for age comparison and all other lines 
represent garnet and whole rock two-point isochrons for each garnet analysis.  
All two-point isochrons were plotted on the basis of deviation of the measured 
143Nd/144Nd from the calculated 143Nd/144Nd of the reference line at the measured 
147Sm/144Nd in parts per 10,000.  This visualization clearly demonstrates that the 
four large bulk garnet analyses generate ages within error of the reasonable 
multi-point ages, while the small garnet analyses grouped according to surface 
chemistry give younger absolute ages.  This could be interpreted as additional 
support for age scatter in the small compositionally grouped analysis due to 
whole rock heterogeneity from compositional layering.  An alternate interpretation 
invokes age mixing between a younger garnet population around 2550 Ma 
represented by the “low Mn garnet” and an older population that would be 
represented by a clean analysis of the “high Mn garnet.”  Note that the small 
garnet analyses also have much higher age errors due to the small sample size 
of the analyses and agree with the two-point garnet-leach age for sample 
JH03024.  Discrimination between interpretations is not possible without 
additional whole rock analysis, but the interpretation has little bearing on 
interpretation of the final age’s regional significance when considering the firm 
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Archean age range of 2550-2600 Ma and the uncertainties associated with study 
of early Earth tectonics.   
3.6.3 Implications for timing of regional metamorphism 
  Based on analysis of major element chemistry and garnet ages, garnet 
growth was likely followed by retrograde reequilibration and resorption either 
during cooling or during a subsequent metamorphic event.  The garnet grew in 
situ during metamorphism and there is no age support for the presence of detrital 
garnet, unless the detrital ages in sample JH03024 were fully reset and not 
preserved. The best age constraints for garnet from this study are accepted as 
2592.0 ± 9.2 Ma (MSWD=5.2, n=5) for sample JH03023 and 2575.4 ± 4 Ma 
(n=2) for JH03024. 
The garnet ages from this study are generally just younger than the 
minimum age cited for the 2600-2750 Ma time frame associated with peak 
regional metamorphism in the Narryer Terrane, including the Jack Hills 
metasedimentary belt.  Previous studies used to constrain the timing of this event 
include the injection of granites across the collisional zone from 2750-2620 Ma 
and low Th/U overgrowth rims on zircon with ages of 2680-2700 Ma, as well as 
rough constraints on metamorphism in the Mt. Narryer and Jack Hills 
metasedimentary belts (e.g. Kinny et al., 1990; Myers, 1988, 1990; Nutman et al., 
1991; Pidgeon and Wilde, 1998; Wilde and Spaggiari, 2007).  As seen in Figure 
3.4, two-point garnet ages from this study just overlap with the youngest 
monazite and xenotime ages associated with the peak metamorphic event in the 
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Jack Hills, although all three minerals give ages younger than 2600 Ma and the 
garnet is younger than the peak xenotime and monazite ages (Iizuka et al., 2010; 
Iizuka et al., 2011; Rasmussen et al., 2010).  All three papers presenting 
monazite and xenotime ages for the Jack Hills interpret monazite and xenotime 
that has grown after ~2650 Ma as definitively metamorphic based on the low Th 
content of the monazite, identification of potential monazite intergrowth with 
metamorphic muscovite and quartz in the matrix, and a stated lack of most other 
heavy minerals in the sediments (Iizuka et al., 2010; Iizuka et al., 2011; 
Rasmussen et al., 2010).  The coherency of dates for this collisional event across 
the Narryer Terrane supports the interpretation that the event was regional.     
The observations that garnet ages are younger than the average monazite 
and xenotime ages in the Jack Hills and also younger than plutonic and zircon 
evidence near the inferred collisional boundary are noteworthy.  One possible 
interpretation is that the garnet represents a cooling age as the temperature 
dropped below the garnet’s closure temperature following resetting at peak 
metamorphic conditions.  For garnet grains under 500 microns in maximum 
diameter, curves representing the heating duration required for 95% resetting of 
the Sm/Nd age were generated from 600°C to 800°C (Figure 3.13).  Given the 
fine grain size of the garnet in this study (~200-300 microns maximum diameter), 
temperatures exceeding 650°C are capable of resetting in less than 20 Myr, 
making resetting and recording of a cooling age reasonable assuming the garnet 
reached upper amphibolite conditions or higher.   Alternately, the ages could 
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represent Sm-Nd crystallization ages biased towards a young rim due to growth 
immediately followed by retrograde reequilibration that preserved age zonation.  
Additional alternatives include interpretation of younger garnet ages as garnet 
growth during a previously unidentified secondary metamorphic pulse or regional 
differences in metamorphic timing due to proximity to the collisional zone and 
differential burial depths, although constraints on metamorphic timing in the 
Narryer Terrane are not yet robust and precise enough to differentiate between 
potential metamorphic pulses of major Archean events and geographic coverage 
of geochronologic data is too poor  to recognize regional timing variations.  
Finally, the age differences could result from differential mineral growth 
throughout metamorphism, with monazite recording early prograde growth and 
garnet recording later peak metamorphism.  Garnet ages that are younger than 
monazite ages have been noted in additional study locations (e.g. Nuvvuagittuq 
by Sullivan, 2014; Chapter 2), necessitating further examination.  Regardless of 
which specific hypothesis for the cause of garnet ages younger than monazite 
and xenotime is favored, it becomes clear that either active metamorphism or 
extended cooling is occurring from ca. 2575-2600 Ma, necessitating revision of 
the minimum bound for the peak regional event in the Narryer Terrane.  
3.7 Summary of conclusions 
No garnet was definitively identified in available samples from the Jack 
Hills despite best efforts.  Instead, paired chemical compositions and ages for 
garnet approximately 4 km south of the Jack Hills metasedimentary belt provide 
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age constraints supporting continued metamorphism or extended cooling in the 
Narryer Terrane from 2575-2592 Ma associated with regional Archean 
metamorphism previously constrained to ca. 2600-2700.  There is no preserved 
age, chemical, or textural evidence for the preservation of detrital garnet.  The 
chemical composition, grain shape, and zonation of the garnet grains indicate 
retrograde zonation, which may be interpreted to reflect cooling through garnet 
closure temperatures at 650-700°C at 2575-2590 Ma.  Additionally, chemical 
evidence for divergent rim chemistries in sample JH03023 is interpreted as 
representative of whole rock heterogeneity from compositional layering.  The 
best constraints on garnet age are 2592.0 ± 9.2 Ma (MSWD=5.2, n=5) for sample 
JH03023 and 2575.4 ± 4 Ma (n=2) for JH03024, with all garnet ages definitively 
between ca. 2550-2600 Ma regardless of dating method and scatter.  Garnet 
ages agree with the youngest metamorphic monazite and xenotime ages from 
the Jack Hills metasedimentary belt ~ 4 km to the north, indicating agreement on 
the timing for the end of a regional Archean event and a robust minimum age 
constraint.  
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Figure 3.1: Generalized regional map showing the region surrounding the 
Jack Hills metasedimentary belt   
Samples JH03023 and JH03024 were collected approximately 4 km south of the 
Jack Hills metasedimentary belt, and the sampling locations are noted by a red 
star on the map above.  Map adapted from Myers (1988). 
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Figure 3.2: Geologic map showing the region south of the Jack Hills 
metasedimentary belt   
Samples JH03023 and JH03024 were collected approximately 4 km south of the 
Jack Hills metasedimentary belt, circled by a black ring.  They are within a unit 
identified as Meeberrie Gneiss with inclusions of the Manfred Complex (Anmex, 
pink with blue dots) and limited metasedimentary units (Asq, blue line).  The base 
map is a portion of the Byro quadrangle produced by the Geological Survey of 
Western Australia.  
GPS locations for sample sites:- 
  JH03023  S 26 12.345' E 116 57.78'  
JH03024  S 26 12.253," E 116 57.635' 
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Figure 3.3: Field photographs of sampled outcrops 
Pictures of sampled outcrops were provided by S. Mojzsis.  The top photograph 
is of the location for sample JH03023 and the bottom photograph is the location 
for sample JH03024. 
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Figure 3.4: Histogram of reported monazite, and xenotime ages in the Jack 
Hills (data from Rasmussen et al., 2010 and Iizuka et al., 2010) with 
two point garnet ages from this study 
Two studies (Rasmussen et al., 2010; Iizuka et al., 2010) have reported monazite 
and xenotime ages from multiple locations within the Jack Hills that have been 
interpreted as metamorphic ages.   The peak of metamorphism in the Jack Hills 
has been identified from these studies as having occurred between 2600-2700 
Ma, with one or two later smaller events.  Two-point garnet ages from this study 
are shown for each garnet attempt (grt + leach for JH03024, grt + whole rock for 
JH03023). 
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Figure 3.5: Representative grain shape images 
Scanning electron microscope (SEM) backscattered electron (BSE) images of 
representative grains from sample JH03023.  Note the small grain size averaging 
100 to 500 microns in diameter, the variation in grain shape, and the lack of 
euhedral faces in most grains.  
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Mn 
Fe 
Figure 3.6: Ternary plot of garnet major element chemistry 
The ternary diagram plots the surface chemistry from two tabletop SEM sessions 
for both samples using the four most common end-member cations of garnet.  
Both samples exhibit a similar trend in chemistry, though the range of chemistries 
is more restricted for sample JH03024.  Inset: Confirmation of the major element 
chemistry determined by environmental SEM with electron microprobe spot 
analyses on polished grain cross-sections. 
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Figure 3.7: Garnet chemical zonation for Mn and Mg 
False color images of four representative grains showing both Mn (panels A-D) 
and Mg (panels E-H) zonation.  The locations of traverses shown in Figure 3.8 
and 3.9 are plotted on top of the Mn zonation.  Grain identifications: A&E: 
JH03023 grain 1, B&F: JH03023 grain 5, C&G: JH03024 grain 9, D&H: JH03024 
grain 14 
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Figure 3.8: Garnet chemical trends shown as core-to-rim traverses 
Core-to-rim traverses (core at left, rim at right) were measured using an electron 
microprobe on seven representative garnet grains from samples JH03023 and 
JH03024 polished to the approximate grain center.  Note that the Mn content 
increases when approaching the rim, while Fe and Mg decrease. The legend 
above applies to all seven plots.   
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Figure 3.9: Core-to-rim chemical trends for JH03023 and JH03024 
Traverse data was collected by electron microprobe for seven representative 
garnet grains.  Sample JH03023 is in blue and sample JH03024 is in red.  Each 
panel shows a different combination of the major cations in garnet.  Note the 
apparent differences in trend between the two samples and in some cases within 
the same sample.  This is especially apparent in panel A, where two of the grains 
from sample JH03023 exhibit one trend, while the other two exhibit a separate 
but roughly parallel trend. 
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Table 3.1: Isotope ratios including correction for Gd and blank   
Isotope ratios resulting from TIMS analysis including the 147Sm/144Nd and 
143Nd/144Nd ratios and associated 2 sigma standard errors.  Ratios are provided 
both following offline correction for Gd and after blank-correction for comparison.  
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Table 3.2: Blank data   
Analyses of environmental blanks run during the course of the project have been 
compiled into Table 3.B.  The magnitude of the blanks is relatively stable, 
allowing for calculation of a weighted average for use in blank-correction.  The 
147Sm/144Nd and 143Nd/144Nd ratios were also measured and the weighted 
averages are used in the blank-correction procedure.   
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Blank Type 
Nd 
(pg) 
Nd pg 
error 
Sm 
(pg) 
147
Sm 
144
Nd 
2 sigma 
error 
143
Nd 
144
Nd 
2 sigma 
error 
3 column 
blank 
6.15 0.04 0.77 0.075371 0.000671 0.513159 0.001701 
3 column 
blank 
3.82 0.03 0.56 0.089121 0.002769 0.518085 0.002472 
3 column 
blank 
6.07 0.04 1.39 0.138822 0.001109 0.513659 0.002104 
3 column 
blank 
4.75 0.03 0.65 0.082926 0.002311 0.510721 0.001562 
3 column 
blank 
3.14 0.03 0.36 0.069240 0.000996 0.517825 0.002465 
3 column 
blank 
3.32 0.03 0.36 0.065135 0.000972 0.515535 0.002126 
Detrital 
garnet full 
procedural 
blank 
7.22 0.07 0.99 0.082934 0.000895 0.515831 0.002057 
3 column 
blank 
3.99 0.06 0.44 0.066879 0.001154 0.505597 0.004161 
Detrital 
garnet full 
procedural 
blank 
4.68 0.03 1.27 0.163704 0.001744 0.515626 0.002134 
Detrital 
leach full 
procedural 
blank 
5.25 0.02 2.33 0.268099 0.003664 0.513810 0.000832 
3 column 
blank 
3.17 0.01 0.87 0.165413 0.002295 0.509596 0.001122 
3 column 
blank 
6.85 0.04 0.46 0.040753 0.000298 0.512170 0.001460 
Weighted 
Average 
including full 
procedural 
4.18 0.80 - 0.060 0.021 0.5131 0.0016 
Weighted 
Average 
without full 
procedural 
3.89 0.95 - 0.056 0.021 0.5123 0.0023 
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Table 3.3: Grain surface chemistry from tabletop SEM   
Grain surface tabletop SEM analyses are presented for both samples JH03023 
and JH03024 during two analytical sessions.  The first four columns provide the 
major cation variant values for each analyzed grain, excluding aluminum.  
Analyses have been normalized to Si, and all analyses for each grain that meet 
the cutoffs for acceptable site assignment totals have been averaged into a 
single value for each grain.  The fifth column is the summation of the cations in 
the first four columns.  The final four columns are the representative end-member 
cation values as percentages out of the whole.  These values are used for 
plotting the data on the ternary diagram in Figure 3.6. 
 
  Fe Mg Mn Ca Total Fe Mg Mn Ca 
JH03023-B01 1.56 0.08 0.90 0.14 2.68 58.36 2.88 33.63 5.13 
JH03023-B02 1.94 0.10 1.04 0.16 3.24 59.96 3.03 32.17 4.84 
JH03023-B03 1.91 0.14 0.92 0.15 3.12 61.37 4.58 29.40 4.66 
JH03023-B04 1.61 0.13 0.98 0.15 2.86 56.29 4.53 34.10 5.08 
JH03023-B05 1.63 0.11 1.06 0.13 2.93 55.67 3.72 36.18 4.43 
JH03023-B06 1.86 0.09 1.21 0.15 3.32 56.20 2.81 36.50 4.50 
JH03023-B07 2.20 0.19 0.71 0.12 3.23 68.28 5.98 21.88 3.86 
JH03023-B08 2.04 0.04 1.00 0.17 3.24 62.80 1.10 30.93 5.18 
JH03023-B09 1.78 0.06 1.07 0.14 3.05 58.42 1.98 34.98 4.62 
JH03023-B10 1.72 0.10 0.79 0.14 2.76 62.33 3.65 28.77 5.26 
JH03023-B11 1.95 0.24 0.83 0.15 3.16 61.73 7.48 26.17 4.62 
JH03023-B12 1.53 0.10 1.13 0.18 2.94 52.10 3.34 38.43 6.13 
JH03023-B13 1.90 0.07 0.97 0.08 3.03 62.71 2.40 32.20 2.69 
JH03023-B14 2.02 0.14 0.84 0.11 3.11 65.11 4.38 26.96 3.55 
JH03023-B15 1.54 0.00 0.95 0.17 2.66 58.03 0.12 35.59 6.26 
JH03023-B16 1.78 0.10 1.02 0.18 3.08 57.88 3.27 33.16 5.69 
JH03023-B17 1.97 0.18 0.80 0.12 3.07 64.09 5.87 26.10 3.94 
JH03023-B18 1.82 0.06 1.31 0.20 3.39 53.78 1.80 38.59 5.83 
JH03023-B19 1.72 0.04 1.15 0.16 3.07 55.97 1.21 37.46 5.36 
JH03023-B21 1.76 0.04 1.08 0.25 3.12 56.18 1.27 34.58 7.97 
JH03023-B22 1.68 0.06 1.00 0.24 2.99 56.29 2.12 33.42 8.16 
JH03023-B23 1.71 0.16 0.83 0.13 2.84 60.36 5.49 29.41 4.74 
JH03023-B24 1.86 0.14 0.89 0.17 3.05 60.77 4.55 29.13 5.54 
JH03023-B25 1.60 0.32 1.01 0.08 3.01 53.10 10.71 33.56 2.63 
JH03023-B26 1.80 0.13 0.94 0.15 3.02 59.47 4.39 31.10 5.04 
JH03023-B27 1.80 0.13 1.07 0.11 3.10 57.83 4.08 34.45 3.64 
JH03023-B28 1.86 0.13 0.97 0.15 3.11 59.79 4.20 31.16 4.86 
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JH03023-B29 1.79 0.09 1.01 0.15 3.05 58.85 2.96 33.14 5.05 
JH03023-B30 1.71 0.10 1.04 0.14 3.00 57.14 3.44 34.75 4.67 
JH03023-B31 1.81 0.09 1.08 0.14 3.11 58.17 2.75 34.69 4.40 
JH03023-B32 1.55 0.14 0.84 0.18 2.72 57.22 5.32 30.84 6.62 
JH03023-B33 1.69 0.05 1.03 0.15 2.92 57.83 1.77 35.16 5.25 
JH03023-B34 1.89 0.12 1.03 0.12 3.16 59.84 3.83 32.58 3.75 
JH03023-B35 1.90 0.08 0.96 0.13 3.08 61.69 2.68 31.32 4.32 
JH03023-B36 1.81 0.08 1.02 0.14 3.05 59.33 2.57 33.54 4.56 
JH03023-B37 1.88 0.11 1.04 0.18 3.21 58.68 3.33 32.46 5.54 
JH03023-B38 1.94 0.26 0.50 0.14 2.84 68.40 9.18 17.48 4.94 
JH03023-B39 1.46 0.07 0.98 0.22 2.73 53.28 2.60 36.00 8.12 
JH03023_grain01 2.31 0.06 0.79 0.12 3.27 70.55 1.87 24.04 3.53 
JH03023_grain02 1.90 0.20 0.59 0.13 2.82 67.21 7.27 20.81 4.72 
JH03023_grain03 1.73 0.07 1.01 0.16 2.98 58.14 2.38 34.04 5.43 
JH03023_grain04 1.86 0.18 0.56 0.10 2.70 69.17 6.51 20.67 3.66 
JH03023_grain05 1.60 0.09 0.91 0.14 2.73 58.66 3.12 33.28 4.94 
JH03023_grain06 2.16 0.21 0.71 0.13 3.21 67.27 6.44 22.15 4.13 
JH03023_grain07 1.79 0.10 0.85 0.15 2.90 61.83 3.61 29.42 5.14 
JH03023_grain08 1.73 0.08 1.25 0.15 3.21 53.84 2.59 38.82 4.75 
JH03023_grain09 1.96 0.13 0.55 0.16 2.80 70.01 4.77 19.49 5.73 
JH03023_grain10 1.71 0.03 0.91 0.21 2.87 59.71 1.14 31.84 7.31 
JH03023_grain12 1.88 0.15 0.59 0.15 2.76 68.14 5.36 21.25 5.25 
JH03023_grain13 2.01 0.21 0.41 0.15 2.77 72.40 7.48 14.87 5.24 
JH03023_grain15 2.00 0.24 0.60 0.14 2.96 67.30 7.98 20.08 4.65 
JH03023_grain16 1.48 0.16 0.73 0.14 2.51 58.98 6.44 29.13 5.44 
  
JH03024-B01 1.76 0.12 0.69 0.27 2.84 62.02 4.32 24.23 9.43 
JH03024-B02 1.91 0.11 0.77 0.30 3.08 61.89 3.48 25.00 9.62 
JH03024-B03 1.94 0.09 0.79 0.27 3.09 62.67 2.98 25.54 8.82 
JH03024-B04 1.87 0.09 0.78 0.30 3.04 61.63 3.03 25.52 9.82 
JH03024-B05 1.99 0.10 0.68 0.27 3.03 65.66 3.14 22.44 8.75 
JH03024-B06 1.93 0.12 0.81 0.29 3.15 61.35 3.95 25.63 9.07 
JH03024-B07 1.82 0.20 0.63 0.24 2.89 63.17 6.96 21.72 8.16 
JH03024-B08 1.79 0.15 0.74 0.34 3.02 59.13 4.99 24.50 11.38 
JH03024-B09 1.86 0.14 0.70 0.25 2.96 62.87 4.75 23.83 8.55 
JH03024-B10 1.79 0.13 0.78 0.31 3.01 59.54 4.31 25.87 10.28 
JH03024-B11 1.93 0.07 0.90 0.31 3.20 60.24 2.13 28.02 9.61 
JH03024-B12 2.03 0.00 0.98 0.30 3.31 61.39 0.00 29.48 9.13 
JH03024-B13 1.96 0.17 0.75 0.23 3.10 63.11 5.40 24.16 7.34 
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JH03024-B14 1.75 0.18 0.74 0.23 2.91 60.31 6.33 25.46 7.91 
JH03024-B16 2.01 0.12 0.77 0.29 3.18 63.11 3.73 24.07 9.09 
JH03024-B17 2.09 0.11 0.84 0.22 3.26 64.12 3.46 25.75 6.66 
JH03024-B18 1.95 0.14 0.79 0.20 3.09 63.21 4.56 25.72 6.50 
JH03024-B19 1.73 0.15 0.76 0.28 2.92 59.24 5.04 26.17 9.56 
JH03024-B20 1.98 0.06 0.75 0.31 3.11 63.64 2.06 24.28 10.01 
JH03024-B21 1.88 0.16 0.76 0.32 3.13 60.16 5.22 24.34 10.28 
JH03024-B22 1.79 0.12 0.74 0.21 2.86 62.67 4.06 25.82 7.45 
JH03024-B23 1.84 0.13 0.80 0.32 3.09 59.65 4.08 25.87 10.40 
JH03024-B24 1.85 0.10 0.88 0.30 3.13 58.93 3.35 28.18 9.55 
JH03024-B25 1.90 0.32 0.49 0.16 2.87 66.35 11.02 17.10 5.53 
JH03024-B26 1.84 0.10 0.87 0.25 3.06 60.11 3.30 28.51 8.08 
JH03024-B27 1.68 0.17 0.68 0.31 2.85 59.05 6.08 24.01 10.86 
JH03024-B28 1.98 0.10 0.82 0.25 3.15 62.78 3.09 26.07 8.07 
JH03024-B29 1.91 0.10 0.78 0.30 3.09 61.66 3.31 25.31 9.72 
JH03024-B30 1.74 0.10 0.77 0.28 2.89 60.19 3.57 26.67 9.57 
JH03024-B31 1.98 0.07 0.90 0.25 3.20 61.87 2.08 28.10 7.95 
JH03024-B32 1.78 0.08 0.75 0.26 2.87 61.92 2.63 26.26 9.18 
JH03024-B33 1.95 0.10 0.78 0.30 3.12 62.38 3.18 24.94 9.50 
JH03024-B34 2.15 0.16 0.82 0.23 3.37 63.93 4.69 24.47 6.91 
JH03024-B37 2.01 0.14 0.77 0.24 3.16 63.62 4.40 24.36 7.62 
JH03024-B38 1.85 0.14 0.72 0.23 2.94 62.89 4.81 24.32 7.97 
JH03024-B39 2.09 0.13 0.60 0.21 3.04 68.79 4.37 19.79 7.04 
JH03024_grain01 1.78 0.09 0.60 0.27 2.74 64.92 3.20 21.94 9.95 
JH03024_grain10 1.87 0.12 0.75 0.26 3.00 62.28 4.11 24.94 8.67 
JH03024_grain11 1.89 0.14 0.75 0.20 2.98 63.42 4.60 25.13 6.85 
JH03024_grain12 1.75 0.19 0.59 0.29 2.81 62.26 6.65 20.91 10.18 
JH03024_grain13 1.88 0.09 0.64 0.25 2.85 65.81 3.14 22.44 8.61 
JH03024_grain14 1.91 0.15 0.68 0.16 2.90 65.70 5.31 23.45 5.53 
JH03024_grain15 1.74 0.15 0.53 0.28 2.79 64.31 5.63 19.64 10.42 
JH03024_grain16 1.99 0.14 0.76 0.17 3.06 65.00 4.43 24.91 5.66 
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Table 3.4: Garnet Ages 
Possible ages from combinations of garnet, leach, and whole rock points for each 
sample.   Ages that have been shaded grey have been discarded as unreliable 
by the author due to garnets not thoroughly cleansed of inclusions with parent-to-
daughter ratios below 1.0, poor analyses due to very small sample sizes, or 
samples smaller than 25 pg where the blank is contributing more than 20% of the 
Nd making blank-correction impractical. 
 
 
ORIGINAL AGE BLANK-CORRECTED AGE 
TWO-POINT AGES 
Age 
(Ma) 
+/- (Ma) MSWD 
Age 
(Ma) 
+/- (Ma) MSWD 
JH03023 GR1 (grt+leach) 2703.6 5.8 n.a. 2698.4 5.8 n.a. 
JH03023 GR2 (grt+leach) 2605.0 7.9 n.a. 2609.5 5.5 n.a. 
JH03023 GR3 (grt+leach) 2567.3 8.1 n.a. 2566.6 8.5 n.a. 
JH03023 GR4 (grt+leach) 2612.4 5.9 n.a. 2607.0 6.2 n.a. 
JH03023 high Mn grt 
(grt+leach) 
3730 280 n.a. 2801 340 n.a. 
JH03023 med Mn grt 
(grt+leach) 
2431 25 n.a. 2504 64 n.a. 
JH03023 low Mn grt 
(grt+leach) 
2592 100 n.a. 3132 350 n.a. 
JH03024 GR1 (grt+leach) 2579.6 4.5 n.a. 2575.4 4.4 n.a. 
MULTIPOINT AGES 
  
JH03023 GR1-4 + WR 2595 11 7.6 2592.0 9.2 5.2 
JH03023 GR2, GR4, + WR 2603.3 4.8 2.4 2597.1 4.1 2.2 
JH03023 all garnet 2595 17 9.9 2596.0 19.0 10.4 
JH03023 all garnet + WR 2593.0 8.9 8.7 2590.5 10 10.1 
JH03023 all garnet (except 
high Mn garnet) + WR 
2593.0 9.8 9.4 2590.5 9.9 9.5 
JH03023 all garnet, leaches, 
WR 
2595 38 218 2593.9 40 233 
JH03023 high, med, low grt + 
WR 
2571.0 8.4 0.34 2555.0 11 1.3 
JH03024 all garnet 2367 82 72 2361 78 60 
JH03024 all garnet and 
leaches 
2622 690 13622 2610 650 11135 
JH03024 high, med, low grt 2399.8 6.9 1.8 2393 210 18 
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Figure 3.10: Two-point isochrons (all garnet, leaches, and whole rock) 
Two-point isochrons have been plotted using corresponding blank-corrected 
garnet and leach pairs.  The whole rock data and data from JH03024 high Mn, 
medium Mn, and low Mn garnets are plotted but not included in any isochron.  
Error ellipses that are not visible are smaller than the point for that sample. 
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Figure 3.11: JH03023 multi-point isochrons (all garnet and whole rock)  
All the data points used in reasonable multi-point isochrons for sample JH03023 
are plotted (7 garnet and 1 whole rock).  Each multi-point isochron is labeled with 
the points it includes, the age with precision, the MSWD, and the number of 
points included for comparison.   
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Figure 3.12: Alternative age assessment using normalized isochron plot 
 This normalized isochron plot sets the multipoint isochron including the eight 
garnets and the whole rock from sample JH03023 as the reference (flat) isochron 
in black.   The y axis is the deviation of the measured 143Nd/144Nd value from the 
143Nd/144Nd from the reference line in parts per 10,000.  The other lines are the 
two-point isochrons between each garnet and the whole rock.  The youngest age 
should be discarded, as the 147Sm/144Nd for that point did not exceed 1.0 and is 
therefore not clean.  The maximum variation in the remaining ages is between 
2550-2600 Ma, with most ages clustered around the multipoint isochron age. 
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Figure 3.13: Duration of Archean heating event required for 95% resetting 
of garnet Sm-Nd ages 
This figure provides a graphical representation of the duration of heating required 
to achieve 95% resetting of garnet Sm-Nd ages for garnet grains up to half a mm 
in diameter at four different temperatures.  We used Dt/a2=0.3 (after Crank, 
1975) and diffusion parameters from Tirone et al. (1995) (D0=6.30E-9 m
2/s and 
Ea=254333 J/mol) 
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Abstract 
The Acasta Gneiss Complex arguably includes the oldest known intact 
fragments of Earth’s crust, dated to ca. 4.0 Ga.  Several tonalitic gneisses 
identified in the Acasta Gneiss Complex contain garnet, which could potentially 
serve as an independent record of regional tectonometamorphism enhancing the 
regional chronology largely established solely by U-Pb zircon analysis.  Garnet 
present in the Acasta Gneiss Complex is also a contender for the title of the 
Earth’s oldest garnet, advancing the development of an Archean garnet record 
useful for interpreting Earth’s earliest history.  Analysis of garnet composition by 
grain mapping and quantitative traverses using an electron microprobe indicate 
that the almandine and grossular-rich garnet is likely disaggregated and may be 
heavily altered as indicated by irregular grain boundaries and flattened major 
element zonation with evidence for retrogressive uptake of Mn at the rims.   
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Multi-point isochron ages calculated using the garnet, whole rock, and powders 
gave an “age” of 2936 ± 38 Ma, but with an MSWD of 1865 this calculation is 
discarded as an errorchron, potentially due to alteration of Sm-Nd isotopics 
during open system behavior associated with migmatization negatively impacting 
whole rock and powder analyses.  Age constraints from garnet-only regressions 
are 3155 ± 550 Ma (MSWD = 43) for garnets A-C and 3228 ± 250 (MSWD = 43) 
for garnets D-G, likely representing errorchrons influenced by potential age 
mixing and suffering from low precision due to the lack of an included low 
147Sm/144Nd analytical point.  However, regardless of isochron validity, the age 
information from an errochron for garnet in the Acasta Gneiss Complex would 
still represent identification of one of the top three oldest garnet locations on 
Earth and provides strong evidence for preservation of the Earth’s oldest known 
garnet.  Additional garnet geochronology is needed to further clarify these 
findings and test potential interpretations. 
4.1 Introduction and motivation 
The Acasta Gneiss Complex on the western edge of the Slave Craton in 
the Northwest Territories of Canada arguably contains the Earth’s oldest 
identified fragments of cohesive rock, with reported ages for the first 
emplacement of intact units at ca. 4.0 Ga.  Including this complex, the known 
extent of Archean and Hadean rocks and sediments account for less than 0.05% 
of Earth’s mass (Bowring and Williams, 1999).  These limited exposures 
represent Earth’s only direct, surviving physical records of early crustal formation 
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and tectonometamorphic conditions and timing, making detailed study of known 
locations and the search for additional Archean exposures critical to the 
reconstruction of early Earth history.   
After 4.0 Gyr, the Acasta Gneiss Complex contains a complicated record 
of multi-stage igneous emplacement and tectonometamorphism.  Previous 
studies primarily rely on the chemistry of zircon grains to continually refine the 
original emplacement age, focusing interest on the units’ earliest history and 
oldest ages (e.g. Bowring et al., 1989; Bleeker and Stern, 1997; Stern and 
Bleeker, 1998; Bowring and Williams, 1999; Mojzsis et al., 2014).  Although the 
zircon is resilient and preserves evidence for multiple events impacting the 
Acasta Gneiss Complex through several generations of growth and 
recrystallization, the zircon record can be challenging to interpret; textural and 
age zones must be carefully differentiated and the U-Pb systematics have been 
influenced by at least two Pb loss events (e.g. Bowring et al., 1989; Iizuka et al., 
2007).  Additionally, new zircon growth often occurs only when temperatures 
exceed 700°C in the presence of melt, and zircon may fail to record lower grade 
events entirely or generate only thin overgrowth rims that are difficult to analyze 
(Rubatto et al., 2001; Hietpas et al., 2010).  An additional record of the timing of 
the major tectonometamorphic events that shaped the Acasta Gneiss Complex is 
needed to clarify the zircon record by providing an independent time constraint 
for likely Pb loss events and to reveal the full record of tectonometamorphism in 
this critical but complicated system. 
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The mineral garnet generally grows between ~400°C and 700+°C, 
commonly records prograde growth ages with supporting chemical zonation 
patterns, and can be paired with thermodynamic modeling and 
geothermobarometry to link calculated thermo-barometric conditions of 
metamorphism with the event’s timing (Caddick and Kohn, 2013; Baxter and 
Scherer, 2013).  For these reasons, garnet has been targeted as a potential 
independent record of tectonometamorphism in the Acasta Gneiss Complex.  
This work presents paired garnet compositional analysis by electron microprobe 
and garnet Sm-Nd isochron ages using TIMS, with a focus on investigating the 
timing of major metamorphic events impacting the Acasta Gneiss Terrane and 
potentially linking metamorphic timing and calculated tectonometamorphic 
conditions.  Additionally, by determining the age of garnet in the Acasta Gneiss 
Terrane, we expand the Archean garnet record as a part of a broader pursuit 
seeking to identify Earth’s oldest garnet and to use Archean garnet to clarify the 
metamorphic and tectonic histories of the early Earth. 
4.2 Geologic setting 
4.2.1 Sample locations and descriptions 
Figure 4.1 shows the location of the Acasta Gneiss Complex on the 
western edge of the Slave Craton of northern Canada and the field locations for 
samples AG09-017 and AG09-008 on a detailed regional geologic map, first 
produced by Iizuka et al (2007).  Sample AG09-008gt is a sub-sample from the 
same location as AG09-008, with the boundary between the two samples 
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delineated at the outcrop scale by the appearance of garnet (Guitreau et al., 
2012).  GPS coordinates for sample collection of AG09-008gt are 65° 10.118’ N, 
115° 33.549’ W and for AG09-017 are 65° 9.615’ N, 115° 32.840’ W (Mojzsis et 
al., 2014). 
Detailed sample descriptions and prior analytical work involving samples 
AG09-017 and AG09-008gt are included in Guitreau et al. (2012), Guitreau et al. 
(2014), and Mojzsis et al. (2014).  Guitreau et al. (2012) includes detailed 
petrographic descriptions in the supplement and Mojzsis et al. (2014) provides 
additional petrographic details and geochemical analysis, including whole rock 
compositions.  The whole rock analyses of these rocks are similar to whole rock 
analyses by Reimink et al. (2014) in garnet-bearing rocks outcropping to the 
northeast across the river from sample AG09-008gt.  They noted that the garnet-
bearing units are characterized by “iron enrichment, negative Europium 
anomalies, unfractionated rare-earth-element patterns, and magmatic zircons 
with low oxygen isotope ratios,” which is more like Icelandic igneous rocks than 
most Archean TTGs. To summarize other prior findings, both samples are 
garnet-bearing tonalitic gneisses with a dark grey coloration when fresh and 
primarily contain quartz, plagioclase, biotite, hornblende, and garnet in addition to 
opaques, zircon, and various other accessory minerals (Guitreau et al., 2012).  
AG09-017 is foliated and exhibits narrow plagioclase and quartz banding, while 
AG09-008gt is very finely foliated and portions may appear massive to 
melanocratic (Guitreau et al., 2012; Mojzsis et al., 2014).  Garnet grains in both 
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samples have been described as either subhedral or disaggregated (Guitreau et 
al., 2012).  Thin section photographs of garnet grains in both samples are 
provided in Figure 4.2.   
Based on analytical results from Lu-Hf systematics, Guitreau et al. (2014) 
found evidence for disturbance of the whole rock Lu-Hf systematics and 
interpreted the disturbance as evidence for excess garnet growth during 
migmitization in both samples AG09-017 and AG09-008gt.  Guitreau et al. (2014) 
did not undertake direct Lu-Hf garnet analysis, but used Lu-Hf of the whole rocks 
and zircon to estimate that garnet growth may have occurred at 3371 ± 59 Ma, in 
agreement with an Sm-Nd isochron of that age from Mojzsis et al., 2014 and 
references therein.  In this case, the garnet should reflect a metamorphic growth 
age and careful consideration of open system behavior is necessary.  Twenty-
five U-Pb age analyses on twenty-three grains in sample AG09-008 revealed 
three zircon age populations at 3805 ± 150 Ma, 3597 ± 17 Ma, and 3466 ± 23, 
although recent Pb loss made many ages discordant and required age 
calculation as a weighted average rather than as an isochron (Mojzsis et al., 
2014). 
4.2.2 Broader geologic history of Acasta  
The Acasta Gneiss Complex arguably hosts the Earth’s oldest intact 
crustal fragments, although debate continues over whether rocks in the 
Nuvvuagittuq Greenstone Belt of northern Canada challenge that title (e.g. Cates 
and Mojzsis, 2007; O’Neil et al., 2008; O’Neil et al., 2012).  The basement rocks 
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of the Acasta Gneiss Complex are exposed over approximately 40 km2, with 
some of the best studied exposures located on an island and along the banks of 
the Acasta River (e.g. Bowring and Williams, 1999).   These outcrops are located 
along the western edge of the Archean Slave Craton and the eastern edge of the 
Wopmay Orogen, about 300 km north of the town of Yellowknife, Northwest 
Territories, Canada (e.g. King, 1986, Bleeker et al., 2000, review in Iizuka et al., 
2007). 
Various ages attributed to igneous emplacement or tectonometamorphic 
alteration of units across the Acasta Gneiss Complex have been generated by U-
Pb analysis of zircon and apatite and studies of whole rock Sm-Nd and Lu-Hf 
systematics.  Most units preserve evidence for multiple events and ages reported 
span more than two billion years of Earth’s history.  Much of the focus has been 
on refining the age of original emplacement, with younger ages largely reported 
only as a result of recognition of Pb-loss events or other systematic isotopic 
disturbance during attempts to examine the oldest events.  Little focused effort 
toward clarifying the metamorphic history of the units has been made, and 
differentiating between individual events is complicated by discordance and 
scatter tied to systematic disturbance by multiple events. 
The oldest ages for the Acasta Gneiss Complex have been correlated with 
events preceding the emplacement of existing tonalitic gneisses and were 
revealed by U-Pb age analysis of xenocrystic zircon cores preserved within 
multiply-zoned zircon grains.  These cores provide evidence of the contribution of 
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incompletely assimilated zircon from precursor units to the Acasta gneisses that 
had ages between 4.0 and 4.2 Ga (Iizuka et al., 2006; Guitreau et al., 2012; 
Mojzsis et al., 2014).  These cores complicated the differentiation between 
inheritance and first emplacement ages prior to careful analysis of zircon Lu-Hf 
systematics and systematic regional sampling, as the youngest xenocrystic core 
ages and the oldest estimates of emplacement age overlap.   
Early age estimates for first emplacement of intact crustal remnants 
ranged from ca. 3850 Ma to 4050 Ma (e.g. Bowring et al., 1989; Stern and 
Bleeker, 1998; reviews in Guitreau et al., 2014 and Mojzsis et al., 2014).  Studies 
focused on zircon U-Pb analysis and quickly determined that at least two 
episodes of Pb loss must have occurred to create the discordance and spread in 
ages observed (e.g. Bowring et al., 1989).  The emplacement age for the oldest 
existing units has been refined as more precise and detailed study became 
possible, with most studies now placing the first emplacement somewhere 
between 3.92 to 4.02 Ga (e.g. Iizuka et al., 2007; Guitreau et al., 2014; Mojzsis et 
al., 2014). 
The tectonometamorphic and emplacement history following the first 
emplacement event and preceding the final regional metamorphism is 
complicated and some ages remain uncorroborated.  For example, Iizuka et al. 
(2007) cite two emplacement events following first emplacement at 3.74-3.72 Ga 
and ca. 3.6 Ga in the eastern area where samples AG09-017 and AG09-008gt 
are located.  The event at ca. 3.6 Ga is well-supported by evidence from zircon 
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geochronology for a Pb loss event at that time (e.g. Bowring et al., 1989),  along 
with zircon ages indicating emplacement of granitoids, diorites, and dykes along 
and zircon growth interpreted as metamorphic (Iizuka et al., 2007; Bleeker and 
Stern, 1997).  However, events occurring at 3.36-3.38 Ga (Bleeker and Stern, 
1997; Moorbath et al., 1997), 2.9 Ga (Moorbath et al., 1997), 2.6 Ga (Moorbath 
et al., 1997), 1.7 Ga (Bowring and Williams, 1999), and 1.26 Ga (Iizuka et al., 
2007) have also been reported but lack corroborating evidence and may not 
have impacted the entire exposure. 
The youngest well-constrained regional tectonometamorphism and folding 
event identified in the Acasta Gneiss Complex is tied to the formation of the 1.8-
1.9 Ga Wopmay Orogen, including the occurrence of the Calderian Orogeny due 
to collision of the Hottah Terrane and Slave Craton (e.g. Hoffman and Bowring, 
1984; King, 1986).  The effects of this tectonometamorphism, including U-Pb 
ages from apatite geochronology, have been recorded primarily in the western 
exposures of the Acasta Gneiss Complex and not in the eastern region 
containing samples AG09-017 and AG09-008gt (Sano et al., 1999; Iizuka et al., 
2007).  
4.3 Methods 
4.3.1 Electron microprobe analysis 
Electron microprobe analysis was completed at the University of 
Massachusetts Amherst using the Cameca SX50 electron microprobe.   Full 
section maps were made using two polished thin sections for each sample 
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(AG09-017 and AG09-008gt).  Full section maps were processed to generate 
false color images highlighting Mg, Y, Ce, K, and Ca content.  Using the thin 
section maps as a guide, four individual garnet grains were selected for more 
detailed grain mapping and quantitative traverses were collected from three of 
the four available thin sections.  Detailed grain maps were processed to generate 
false color images highlighting measured grain zonation.  Point analyses taken at 
the rim and near the estimated core were used to confirm the garnet chemistry 
and expected variation prior to traverse measurement.  Traverses were set from 
rim-to-rim through the approximate grain centers to examine garnet zonation and 
measured Si, Al, Cr, Fe, Mg, Mn, Ca, Ti, and K. 
4.3.2 Sm-Nd garnet geochronology methods 
4.3.21 Sample preparation 
A fairly clean garnet separate for sample AG09-017 was received from 
Martin Guitreau.  Handpicking removed remaining matrix mineral grains prior to 
crushing and sieving of the garnet to a 100-200 mesh grain size.  Garnet that 
passed through the 200 mesh sieve was retained for use in a powder analysis.  
An additional whole rock sample of AG09-017 was provided by Martin Guitreau.  
This sample arrived powdered and was additionally processed using a mortar 
and pestle to ensure full homogenization and a very fine grain size. 
4.3.22 Clean lab chemistry and TIMS analysis 
Clean lab chemistry was completed at Boston University following 
established partial and full dissolution, column chemistry, and TIMS analysis 
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procedures for Sm-Nd bulk garnet geochronology (e.g. Dragovic et al., 2012; 
Harvey and Baxter, 2009; Pollington and Baxter, 2010, 2011).  Analyses were 
made in two batches.  The first batch was analyzed in June of 2014 and included 
analyses of three bulk garnet aliquots (A, B, and C), a powder, and a whole rock.  
The second batch was analyzed in December of 2015 and included four 
additional bulk garnet aliquots (D, E, F, and G) and a “dirty garnet” aliquot.  The 
garnet separates for each batch were prepared separately through crushing and 
sieving.   
Garnet aliquots underwent partial dissolution designed to preferentially 
dissolve inclusions within the garnet, leaving a clean garnet residue for analysis.  
Each garnet aliquot started at 28-34 mg of crushed and sieved garnet.  An 
additional “pre-partial” procedure was introduced for garnet aliquots in the 
second batch (D, E, F, G) to ensure observed matrix minerals and large 
inclusions would be fully removed.  The pre-partial procedure exposed garnet to 
2 mL of 1.5 N HCl and 1 mL of HF for 15 minutes.  The samples were then rinsed 
twice in 1.5 N HCl and twice in MilliQ water before being exposed to 1 mL of 
MilliQ and 1 mL of concentrated nitric acid for an hour.  Finally, the samples were 
rinsed twice in 1.5 N HCl and twice in MilliQ water again before moving into the 
standard partial dissolution procedure.   
During partial dissolution, each garnet aliquot was exposed to hydrofluoric 
acid for different amounts of time to expose inclusions and dissolve the silicate 
inclusions less chemically resistant than garnet.  In the first batch, garnet A was 
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in HF for 40 minutes, garnet B for 90 minutes, and garnet C for 70 minutes.  In 
the second batch, garnet aliquots D and F were in HF for 60 minutes, garnet E 
for 45 minutes, and garnet G for 90 minutes in addition to the 15 minutes they 
spent in HF during the pre-partial procedure.  While in HF the samples alternated 
between ten minutes on the hot plate at 120°C and five minutes in an ultrasonic 
bath to prevent clumping.  Following exposure to HF, remaining solid garnet 
residue was sequentially exposed to perchloric and nitric acids to break down 
secondary fluorides and dissolve remaining susceptible inclusions.  An aqua 
regia step was also used to dissolve any metamict or less resistant zircon to 
minimize the potential impact of remaining zircon inclusions.  At the end of partial 
dissolution, the remaining garnet residue was weighed to determine the amount 
of garnet to be dissolved for analysis.   
The whole rock and powder samples did not undergo the partial 
dissolution procedure but went straight into full dissolution.  The “dirty garnet” 
analysis included in the second batch was a small aliquot of crushed and sieved 
garnet separate that intentionally skipped the partial dissolution procedure to look 
for variation between the whole rock and the dirty garnet analysis including 
garnet and inclusions but minimizing matrix contribution.  The full dissolution 
procedure for the whole rock, powder, dirty garnet, and garnet residue following 
partial dissolution used sequential exposure to hydrofluoric, nitric, and finally 
aqua regia acids for at least 24 hours per acid along with intermittent heat 
(120°C) and an ultrasonic bath to ensure full sample dissolution. 
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Fully dissolved samples underwent a three-step column chromatography 
process to separate Sm and Nd.  The first column removes the abundant iron 
that would overwhelm the next column.  The second microcolumn isolates the 
rare earth elements.  The final column utilizes pH adjusted 0.2N 2-
hydroxyisobutyric acid (MLA) and AG50w×4 resin to collect cuts containing the 
samples’ Sm and Nd.  Following column chemistry, samples are dried down fully 
overnight, treated with aqua regia and concentrated nitric acids to remove MLA 
organic residue, and loaded onto filaments.   
For TIMS analysis, Nd is loaded on single rhenium filaments with a 
tantalum oxide and phosphoric acid activator slurry and run on the TIMS as an 
oxide to improve ionization efficiency (after Harvey and Baxter, 2009). Sm is 
loaded on double rhenium filaments and run as a metal. The Boston University 
TIMS facility runs an in-house Ames metal standard as NdO+ to monitor long-
term reproducibility.  External reproducibility over the course of this study for 
143Nd/144Nd was 0.512121 ± 0.000009 (18.5 ppm, 2σ, n=84).  The long-term 
precision for the 147Sm/144Nd ratio is reported as 0.023%, based on repeat 
analyses of a mixed gravimetric normal solution with in-house spike.  All 
analyses report either the internal 2σ run precision or the external 2σ precision 
for the 147Sm/144Nd and 143Nd/144Nd errors, whichever is higher.  Offline 
corrections are made to correct for instrument fractionation, for oxygen isotopes 
in the NdO+ measurement, and for interferences from minor Pr and Sm on the 
NdO+ and Gd on Sm. 
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4.4 Results 
4.4.1 Electron microprobe garnet maps and quantitative garnet traverses 
Full section maps generated by electron microprobe were used to guide 
identification of accessory minerals for potential future geochronology and map 
garnet grains for more detailed zonation study.  No monazite was identified in the 
available thin sections from either sample.  Apatite, zircon, and degraded allanite 
were identified as accessory phases of potential interest for U-Pb analysis in 
sample AG09-017 in the available thin sections.  From thin section photographs 
(Figure 4.2) and full section maps, garnet with two different habits were identified 
in sample AG09-017.  Small euhedral garnet grains (< 200 µm in diameter) are 
located in the quartz bands and larger, subhedral grains (> 1 mm maximum 
diameter) occur throughout the remainder of the sample.  AG09-008gt has a 
single, subhedral garnet habit. 
Three garnet grains from sample AG09-017 and one grain from sample 
AG09-008gt were mapped.  For sample AG09-017 the largest garnet (grain 1), a 
garnet representative of the majority of the subhedral grains (grain 3), and a 
small euhedral garnet (grain 2) were selected for detailed compositional 
characterization.  Garnet zonation maps for Mn content are presented with false 
coloration in Figure 4.3.  The color scales were independently set for each grain 
to highlight the maximum potential zonation, so comparison between grains 
should not rely on the false color images.  Grain zonation varies from fairly flat 
(AG09-017 grain 1) to quite complex (AG09-008 grain 1).  Maps for Ca, Mg, and 
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Fe were also generated but are either flat or mirror the zonation pattern observed 
in the Mn maps. 
To allow for quantitative characterization and comparison both between 
and within grains, compositional traverses were collected for each mapped grain 
from rim-to-rim passing through the approximate grain center or the maximum 
chemical variation identified in the garnet maps.  The location of each traverse is 
highlighted on the corresponding grain map in Figure 4.3.  Figure 4.4 presents 
results of the traverses plotting each of the primary garnet end-member 
compositions (almandine, spessartine, grossular, and pyrope) as percentages of 
the total chemistry against the analytical position along the traverse to show 
changes in composition from rim-to-rim.  For sample AG09-017 the garnet 
composition is consistent between the three garnet grains regardless of habit, 
with end-member compositions of approximately 70% almandine, 20% grossular, 
and 5% each for spessartine and pyrope.  Sample AG09-008 has similar 
chemistry, with an increase in spessartine and decrease in almandine of < 5%.   
For grain 1 of AG09-017 two traverses were measured: a long traverse 
across the main portion of the grain and a short traverse near the bottom of the 
grain on a region identified as a potential grain outgrowth, fractured portion of the 
grain, or separate small garnet.  The main portion of the grain is relatively flat 
with scatter (<5%) potentially due to fracturing and no observable zonation from 
core-to-rim.  The second short traverse shows more zonation, with a minor 
uptake in Mn along the rims of < 5% and includes a central low in Fe and high in 
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Ca, although the variation is subtle.  Grain 2 from AG09-017, representing the 
small euhedral garnet population, has a fairly simple zonation pattern with minor 
uptake in Mn at the rims, and a more pronounced central low in Fe and high in 
Ca mirroring the pattern observed in the small traverse across grain 1 but with a 
slightly larger magnitude of chemical variation.  The third garnet (grain 3) from 
AG09-017 is fairly flat with minor variable disturbance along the rims in Fe, Ca, 
and Mn.  The zonation pattern for sample AG09-008 is complicated, with multiple 
highs and lows illustrated by the cross-section traverse and matching the pattern 
shown in the garnet zonation map.  The uptake of Mn at the garnet rim is more 
pronounced in AG09-008gt than in sample AG09-017 (~10% increase in Mn). 
4.4.2 Sm-Nd garnet geochronology 
Isotope ratios and corresponding Nd load size on the TIMS are available 
for seven garnet analyses (Garnet A-G), a whole rock, a powder, and a “dirty 
garnet” (garnet + inclusions without partial dissolution) from sample AG09-017 in 
Table 4.1.  AG09-008gt has not been dated using garnet geochronology.  All 
samples analyzed involve Nd loads exceeding 1 ng.  With measured 
environmental blank values averaging 4.31 ± 0.59 pg of Nd, the blank 
contribution is negligible and blank correction is unnecessary.  All garnet 
analyses achieved 147Sm/144Nd in excess of 1.0, indicating less risk for age 
contamination by inclusion populations with high concentrations of Nd and low 
147Sm/144Nd. 
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Both two-point (garnet + whole rock) and multi-point (all garnet by session 
or all data) isochrons were calculated using available analyses (Table 4.2).   For 
the two-point ages, there is a correlation between increasing 147Sm/144Nd and 
increasing age within each analytical session.  Two-point ages vary from 2889.6 
± 1.6 Ma to 2922.5 ± 1.5 Ma for session 1 and 2956.7 ± 1.6 Ma to 2989.1 ± 1.9 
Ma for session 2, with a total variation of almost 100 Ma from youngest to oldest 
age across sessions.  The multi-point age calculation using all available data is 
2936 ± 38 Ma, but with an MSWD of 1865 this calculation clearly represents an 
errorchron and should be disregarded.   
When all available analyses are plotted (Figure 4.5), the garnet analyses 
appear to define two trends differentiated by session, with the whole rock, 
powder, and dirty garnet analyses falling off of both garnet-only trends.  
Additional multi-point age calculations were made using only the garnet for each 
analytical session, resulting in ages of 3155 ± 550 Ma (MSWD = 43) for garnets 
A-C and 3228 ± 250 (MSWD = 43) for garnets D-G.  While the MSWD for both 
analyses are too high to represent true isochrons and precision is low, the “ages” 
overlap within error.  Multi-point ages using only garnet analyses are significantly 
older than ages calculated involving the whole rock, powder, or dirty garnet 
analyses. 
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4.5 Discussion 
4.5.1 Garnet composition and zonation 
The garnet identified in samples AG09-017 and AG09-008gt have been 
previously described as subhedral or potentially disaggregated, an observation 
confirmed by this study (Guitreau et al., 2012).  Additionally, we consider whether 
the garnet could be agglomerated from clustered growth of smaller garnet 
crystals.  The origins and significance of these various garnet growth patterns 
have been debated, but agglomeration supports preservation of growth 
structures while disaggregation more closely supports later alteration or fluid-rock 
interaction (e.g Whitney et al., 1996; Whitney and Seaton, 2010).   
Based on observed zonation in garnet grain maps and quantitative 
traverses, there is little evidence for the preservation of high Mn cores with 
decreasing Mn content toward the rim, a common mark of preserved progade 
growth zonation.  Instead, minor uptake of Mn at the grain rims indicates at least 
a minor degree of resorption and reequilibration, favoring retrogressive disruption 
of major element patterns (e.g. Tuccillo et al., 1990 and references therein).  
Irregular grain boundaries also support interpretation of systematic reequilibration 
and resorption.  Additional disturbance of zonation patterns along potential 
fracture sites could be interpreted as retrogressive uptake along fracture 
boundaries.  Disaggregation and fracturing due to the lengthy and complicated 
history of the Acasta Gneiss Complex is considered more likely than preservation 
of agglomerated garnet. 
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4.5.2 Sm-Nd garnet geochronology 
The dual slopes resulting from garnet analyses made during two different 
analytical sessions are intriguing.  Each analytical session used a different garnet 
separate from the same hand sample prepared prior to that session by crushing 
and sieving.  The garnet separate for that session was then further subdivided 
into individual garnet analyses prior to clean lab processing.  One potential 
explanation for the dual slopes is differential mixing between multiple garnet 
populations.  If multiple garnet populations with different ages or age-zoned 
garnets were present in the sample, the separates prepared for each analytical 
session would likely contain a slightly different mixture of the two or more age 
populations, which could create multiple, roughly linear age trends.  In sample 
AG09-017, two different garnet habits have been identified.  Although the garnet 
has the same major element chemistry regardless of habit, that does not 
preclude age variation between populations.  Preservation of age zonation within 
the larger garnets is viewed as less likely due to the flat zonation pattern rather 
than preserved growth zonation, indicating potential age resetting during 
retrogression.  Acceptance of this interpretation requires further consideration of 
the ages as potential mixing ages.   
Alternately, rather than representing mixing between multiple garnet 
populations, the dual trends could be attributed to mixing between garnet and 
inclusions not successfully removed by partial dissolution procedures.  Since the 
garnet analyses have 147Sm/144Nd ratios exceeding 1.0, we generally consider 
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them to be free of influence from contamination by residual inclusions with high 
Nd concentrations and low 147Sm/144Nd, which would lead to garnet analyses 
with low 147Sm/144Nd.  However, the correlation between increasing 147Sm/144Nd 
and increasing age within analytical sessions may indicate that some inclusions 
remain in the garnet analyses.  The best candidate for residual inclusions with 
high 147Sm/144Nd is zircon.  An aqua regia step incorporated during partial 
dissolution of garnet from Nuvvuagittuq to mitigate zircon contamination was 
included in the procedure for this study to remove metamict or damaged zircon 
that may dissolve during full dissolution and influence Sm-Nd chemistry (Sullivan, 
2014).  Robust, undamaged zircon is expected to remain undissolved, even 
during full dissolution procedures due to its extreme chemical resistance, and 
should not impact the age. However, we interpret the degree of contamination by 
zircon as likely minimal since mitigation efforts were made that have previously 
decreased the influence of zircon and because we would not expect zircon 
contamination to create systematic slope changes between trials unless 
additional age mixing is also involved. 
Finally, we must consider whether dual trends from different analytical 
sessions could be attributed to analytical variation between sessions.  However, 
internal lab standards for both Sm and Nd run over the study duration did not 
demonstrate variability beyond the expected and measured 2 sigma long-term 
reproducibility for measurements on both elements; in the event of instrument 
malfunction variation should be noted in standard measurements.  
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Previous studies focused on whole rock and zircon Lu-Hf systematics as 
well as whole rock Sm-Nd studies indicate the potential for open system behavior 
and isotopic disturbance in samples AG09-017 and AG09-008gt (e.g. Guitreau et 
al., 2014; Mojzsis et al., 2014; Moorbath et al., 1997).  Ideally we would date 
garnet from a sample with undisturbed systematics, but to our knowledge such a 
garnet-bearing sample has not been identified in the Acasta Gneiss Complex.  
This has been attributed to the pervasive migmitization of the gneisses and 
garnet growth during the tectonometamorphism leading to migmitization 
(Guitreau et al., 2014).  For this reason, Guitreau et al. (2014) advises the use of 
internal isochrons, avoiding use of the whole rock when possible.  Whole rock 
compositions with limited REE fractionation also indicate that garnet was not 
involved during magmatic formation or evolution of the units, supporting later 
metamorphic garnet development and avoiding use of the whole rock analysis 
(Reimink et al., 2014).  Observation that the whole rock, powder, and dirty garnet 
analyses in this study fall off the trends from garnet analyses alone also support 
open system behavior.  For this reason, we consider the regression ages 
resulting from calculation using garnet analyses alone of 3155 ± 550 Ma (MSWD 
= 43) for garnets A-C and 3228 ± 250 (MSWD = 43) for garnets D-G the most 
reliable indicators of garnet age.  These ages support interpretation of preserved 
garnet exceeding 3.0 Ga in the Acasta Gneiss Terrane. 
Using whole rock Sm-Nd systematics from a wide variety of Acasta rocks, 
Moorbath et al. (1997) published a regression (errorchron) age of 3371 ± 59 Ma 
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(MSWD = 9.2), which they interpreted as the timing of Sm-Nd resetting across 
Acasta.  Bleeker and Stern (1997) also published a similar age from an intrusive 
granitic sheet.  This event overlaps within error with age estimates from garnet 
analyses alone in this study.  An older event, at ca. 3.6 Ga could be a 
contributing age in the interpretation of potential age mixing. 
Calculated ages based on garnet geochronology may very well be 
“errorchrons,” as indicated by high MSWDs and accompanying scatter.  We 
interpret age mixing and open system behavior as likely contributors to age 
variability.  However, even in a worst-case scenario involving age mixing, the 
garnet only “ages” indicate a minimum age for garnet preserved in the Acasta 
Gneiss Terrane, as mixing with a younger population would decrease the 
averaged age.  This interpretation could be verified by pursuing garnet 
geochronology on an additional sample, such as AG00-008gt with a single garnet 
habit, or by carefully subdividing sample AG09-017 into compositional layers.  If 
open system behavior is in operation, use of garnet alone is more valid than 
inclusion of the whole rock with the garnet for age calculation.  Additionally, 
treating the garnet as “detrital” remnants and analyzing garnet inclusion 
populations for use in two-point isochrons could help confirm the garnet-only age 
calculations by serving as the best available proxy for the whole rock composition 
at the time of garnet growth and minimizing the impact of age averaging by 
reducing the garnet sample size involved. 
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4.5.3 Implications for the broader Archean garnet record 
If the youngest age calculated in this study were accepted, then at a 
minimum the Acasta Gneiss Complex would represent one of the top three oldest 
garnet localities identified globally to-date.  Alternately, if the multi-point garnet-
only ages are accepted, then garnet from the Acasta Gneiss Complex could well 
be the oldest known garnet on Earth.  Previously, the oldest known garnet age 
has been attributed to Cutts et al. (2014), with a published Lu-Hf age of 3233 ± 
17 Ma and a Sm-Nd age of 3019 ± 70 Ma on the same sample.  However, the 
spread in the Lu-Hf and the Sm-Nd ratios used in their age analysis are less than 
0.2, including garnet analyses.  In contrast, the data in this study consists of 
seven garnet analyses all with 147Sm/144Nd exceeding 1.5.  With Sm/Nd 
exceeding 1.0, the garnet analyses in this study are considered robust and 
accurate, with scatter representing actual age variation.  Given the low parent-to-
daughter ratios in the Cutts et al. (2014) study, there is potential for extreme age 
contamination by inclusions that could negatively impact the accuracy of their 
ages.  While the ages could be accurate, they require replication for verification 
with high parent-to-daughter ratios. Regardless of the acceptance of isochrons or 
errochrons for this study, the calculated ages provide solid evidence for the likely 
preservation of garnet older than 3.0 Ga in the Acasta Gneiss Complex that 
should be further investigated with additional sample analysis.  This study also 
marks an important advance toward development of an Archean garnet database 
useful for addressing remaining questions about the early Earth. 
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4.6 Planned additional work prior to publication 
In addition to the rim-to-core-to-rim quantitative garnet traverses, the 
electron microprobe at UMass Amherst will be used to determine chemical 
compositions for select biotite and plagioclase feldspar grains in sample AG09-
017.  A bulk rock composition for both samples has already been published by 
Mojzsis et al. (2014) and modal abundance has been described in the 
supplement by Guitreau et al. (2012) and can be verified using the available thin 
sections and whole rock powders.   Together with the garnet chemistry, this data 
could allow for future thermodynamic modeling and consideration of potential 
temperature and pressure constraints for sample AG09-017. 
We had hoped to pursue accessory mineral dating to corroborate the 
garnet ages, but full section maps for AG09-017 do not reveal the presence of 
monazite or xenotime.  While zircon’s presence has been confirmed, that story 
has already been explored in detail.  Apatite and altered allanite were observed 
as the remaining predominant phases of potential interest.  
Garnet geochronology on sample AG09-008gt may be helpful in clarifying 
the role of averaging between multiple populations, as only one garnet habit has 
been identified in that sample.  It would also confirm calculated Archean garnet 
ages in the area.  The leached inclusions generated during partial dissolution of 
additional bulk garnet samples could also be retained and analyzed to attempt an 
internal garnet age between garnet and inclusions.  If the whole rock and garnet 
are not in equilibrium, the inclusions may be useful as a whole rock proxy using a 
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method similar to the new detrital garnet geochronometer to investigate 
preservation of garnet older than 3.0 Ga.  This geochronology could potentially 
be pursued as a portion of my postdoctoral research at Boston College.  
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Figure 4.1: Map with Acasta sample locations (from Mojzsis et al., 2014) 
The sample locations for AG09-017 and AG09-008 are shown on this map 
marked with red stars (map reproduced from Mojzsis et al, 2014 after Iizuka et al, 
2007).  On the map the prefix “AG09” was dropped from the sample names for 
labeling simplicity. 
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Figure 4.2: Acasta garnet in thin section 
Thin section photographs (provided by Martin Guitreau) are presented to show 
representative garnet grains for samples AG09-017 and AG09-008.  In AG09-
017, two different garnet habits have been identified: one set of small euhedral 
grains in an included vein and a second set in the remainder of the rock.  AG09-
008gt appears to have a single garnet habit. 
 
A. AG09-017 – larger garnet (grain 1) 
 
 
B. AG09-017 – small euhedral garnet (grain 2) 
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C. AG09-008gt 
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Figure 4.3: Garnet chemical zonation maps and traverse locations for 
Acasta sample AG09-0017 and AG09-008gt 
Garnet maps are presented in false color to highlight variance in Mn detected by 
electron microprobe.  Each grain was scaled individually, so only quantitative 
traverses should be used for grain comparison.  White lines on the grains mark 
the locations of quantitative traverses collected from rim to rim through the 
approximate grain center or to capture maximum mapped variation. 
 
1. AG09-017 grain 1 
 
 
2. AG09-017 grain 2 
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3. AG09-017 grain 3 
 
 
4. AG09-008gt grain 1 
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Figure 4.4: Rim-core-rim quantitative traverse by electron microprobe for 
Acasta samples AG09-0017 and AG09-008gt 
Quantitative traverses are plotted from grain rim to rim passing through the 
approximate grain center for three garnets from AG09-0017 and one garnet from 
AG09-008gt.  The three garnets chosen for sample AG09-0017 represent 
variability in garnet habit observed within the sample.   
 
1. AG09-017 grain 1 (Two traverses: one across the main portion of the grain 
and one across a short portion of bottom of the grain) 
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2. AG09-017 grain 2 
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3. AG09-017 grain 3 
 
 
4. AG09-008gt grain 1 
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Table 4.1: Isotope ratios and sample size for garnet from Acasta sample 
AG09-017 
Isotope ratios and the TIMS load size for Nd are provided for all portions of 
sample AG09-017 analyzed for Sm-Nd garnet geochronology.  147Sm/144Nd 
errors are reported as the higher of the long-term external reproducibility (0.023% 
of 147Sm/144Nd) or the 2 sigma internal run error.  143Nd/144Nd errors are reported 
as the higher of the long-term external reproducibility (0.512121 ± 0.000009) or 
the 2 sigma internal run error.   
 
Sample ng Nd 
147Sm 
144Nd 
2 sigma 
error 
143Nd 
144Nd 
2 sigma 
error 
Garnet A 4.24 1.570186 0.000361 0.538357 0.000009 
Garnet B 2.69 1.755924 0.000404 0.542253 0.000011 
Garnet C 2.83 1.741440 0.000401 0.541880 0.000015 
Garnet D 4.41 1.632715 0.000376 0.540215 0.000009 
Garnet E 3.54 1.711671 0.000394 0.541829 0.000009 
Garnet F 2.91 1.768879 0.001708 0.543107 0.000011 
Garnet G 1.27 1.823937 0.000439 0.544312 0.000017 
Whole Rock 23.52 0.144367 0.000261 0.511155 0.000009 
Powder 16.01 0.139231 0.000086 0.511099 0.000009 
"Dirty garnet" 7.43 0.148047 0.000034 0.511292 0.000010 
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Table 4.2: Multi-point garnet and whole rock ages calculated for Acasta in 
sample AG09-017 
Two-point and multi-point Sm-Nd isochron ages are presented below using 
different combinations of the seven available garnet analyses and the whole rock 
(wr), powder (pwd), and “dirty” garnet analyses.  Each two-point isochron uses a 
single garnet analysis and the whole rock.  Multi-point isochron ages were 
determined for each analytical sessions using all data and only garnet analyses 
(1 or 2) and also for all data combined. 
 
 
AGE 
AGE ERROR 
(2σ) 
MSWD 
Two-point isochrons: 
garnet A + whole rock 2889.6 1.6 n.a. 
garnet B + whole rock 2922.5 1.5 n.a. 
garnet C + whole rock 2913.7 1.8 n.a. 
garnet D + whole rock 2956.7 1.6 n.a. 
garnet E + whole rock 2963.6 1.5 n.a. 
garnet F + whole rock 2978.2 3.3 n.a. 
garnet G + whole rock 2989.1 1.9 n.a. 
Multi-point isochrons: 
Session 1 - garnet only (grt A-C) 3155 550 43 
Session 2 - garnet only (grt D-G) 3228 250 43 
All data (grt A-G, wr, pwd, dirty grt) 2936 38 1865 
All session 1 (grt A-C, wr, pwd) 2906 37 520 
All session 2 (grt D-G, dirty grt) 2961 36 357 
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Figure 4.5: Isochron plot for sample AG09-017 from Acasta Gneiss 
Complex 
Multi-point “isochrons” are plotted for each analytical session (session 1 = 3 
garnet; session 2 = 4 garnet) and for all of the data combined.  Note that the 
whole rock, powder, and “dirty garnet” all fall off the trends established by the 
garnet alone.  
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APPENDIX A: Method Development and Procedures for Detrital Garnet 
Geochronology 
This appendix provides the detailed methodology resulting from method 
development for detrital garnet geochronology.  Where appropriate, details of 
developmental tests completed in the course of method development have been 
included.  This methodology was adapted from procedures already in use at 
Boston University for dating garnet using the Sm-Nd system to accommodate 
smaller sample size, major element chemical analyses, and collection of leached 
inclusions for use as a second point on the isochron (e.g. Harvey and Baxter, 
2009; Pollington and Baxter, 2010, 2011) 
A.1 Sample processing prior to chemical analysis 
A.1.1 Sample collection and garnet separation 
A.1.11 Background 
Detrital garnet samples used for method development were chosen 
carefully to include garnet from beach sand, river sediment, and sedimentary 
rocks to demonstrate the utility of the method across sample types. Additionally, 
each sample selected also serves an additional purpose.  Initial proof-of-concept 
analysis was undertaken using detrital garnet from locations where the garnet 
age was already well-characterized by traditional dating methods to allow for 
determination of age accuracy (Townshend Dam, Vermont and Hampton Beach, 
New Hampshire; Appendix B).  Age determination for detrital garnet in 
sedimentary rocks was undertaken in Scotland near the site where detrital garnet 
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geochronology was first attempted by Oliver et al. (2000; Appendix C).  Finally, 
detrital garnet ages from modern tributary sediment previously characterized 
using detrital zircon and monazite geochronology allow for direct comparison of 
garnet with other detrital geochronometers (Chapter 2).  The sample collection 
procedures for each specific sample used during development are available in 
each project’s respective appendix or chapter. 
A.1.12 Generalized methodology 
Detrital garnet can be collected from sedimentary rocks, beach sand, or 
river and stream sediments.  Appropriate standard field collection procedures 
should be determined according to the sample type.  Following sample collection, 
sedimentary rocks and heterogeneous sediments will need to be crushed to a 
uniform sand size with care taken to keep the grains as large as possible while 
simultaneously avoiding composite grains.  Samples can then undergo mineral 
separation using heavy liquids, Frantz electromagnetic separation, and 
handpicking to separate garnet from other minerals present.   
A.1.2 Pre-rinse procedural development and protocol 
A.1.21 Background and method development 
Prior to surface analysis, grains undergo a pre-rinse procedure to remove 
any matrix still attached to the grain surface or surface weathering residue 
produced during detrital transport.  Attached matrix minerals or surface coats are 
contaminants that should not be included in either surface analysis for major 
element chemistry or later isotope analysis.  The presence of surface coatings 
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was verified using a tabletop scanning electron microscope (SEM, See Figure 
A.1, Panel A) and the presence of composite grains was identified visually.  
Attached sedimentary grains can be removed through physical crushing and 
handpicking of the grains.  Surface coatings are more difficult to remove and 
require chemical abrasion for removal.  
Development of an appropriate protocol for pre-rinsing grains to remove 
contaminants without etching the garnet sample or leaching inclusions was 
undertaken using different combinations of acid strength and exposure time.  
Garnet grains were first analyzed on the tabletop SEM at Woods Hole 
Oceanographic Institution (WHOI) to provide a back-scattered electron (BSE) 
image and surface major element chemistry analyses for each grain to serve as 
a baseline (see section 2.1 for further details).  Single garnet grains were then 
added to Teflon beakers in an ultrasonic bath and exposed to one of the 
following combinations of acid strength and exposure time: 1.5N HCl for 60 
minutes, 1.5 N HCl for 120 minutes, 1.5N HCl for 240 minutes, 1.5N HCl for 24 
hours, 6N HCl for 60 minutes followed by 90 minutes in 1.5N HCl, and 2N HNO3 
for 24 hours.  After pre-rinsing, the garnet grains were removed from the acid and 
remounted for tabletop SEM analysis in the same orientation used for analysis 
prior to pre-rinsing.  Grains were then reanalyzed to provide a new BSE image 
visually recording any change in surface characteristics from removal of surface 
coats and new surface chemistry analyses to determine the impact of surface 
coats on the analyzed chemistry.   
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Ultimately, the standard procedure adopted uses 1.5N HCl for 18 to 24 
hours due to the visually observed effectiveness in removing surface coating and 
reduced concern over etching of the garnet or inclusion dissolution due to the 
use of dilute acid.  See Figure A.1 for before and after demonstration of surface 
coat removal using the adopted procedure on the same grain.  Further 
modification of the standard procedure may be necessary for heavily weathered 
grains.  For example, the acid may need to be refreshed every few hours if an 
iron-rich weathering rind is being dissolved.  In that case the acid will turn a 
bright, opaque orange color indicating the need for an acid change. 
A.1.22 Pre-rinse methodology 
Add 2-3 mL of 1.5N HCl and the garnet grain(s) to be pre-rinsed to a 15 
mL Teflon beaker.  Place the capped beaker in an ultrasonic bath for 18-24 
hours.  As the ultrasonic runs continuously the solution will naturally be heated, 
aiding in removal of the surface coat.  Additionally, the water level in the 
ultrasonic must be carefully monitored during extended operation due to water 
evaporation.  More water will need to be added every 6-7 hours to maintain an 
appropriate water level.  After 18-24 hours use a pipette to carefully remove the 
1.5N HCl, and discard the removed acid as waste.  Rinse the grains in 1 mL of 
MilliQ water at least two times, and allow the grains to dry.  Step-by-step 
instructions are provided in step 1 of the detrital garnet sample preparation 
worksheet (attached Figure A.2). 
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A.2 Major element garnet chemistry and grain selection 
A.2.1 Tabletop SEM surface analysis viability 
Surface analyses by electron microprobe have previously been utilized in 
detrital garnet studies as a useful tool for population discrimination by end-
member chemistry (Morton, 1985, 1987).  I undertook a comparison of surface 
electron dispersive x-ray spectroscopy (EDS) analyses from a tabletop SEM to 
the accepted method of major element analysis by electron microprobe on 
polished grain centers to test whether use of a tabletop SEM is a viable 
substitute for electron microprobe analysis in capturing major end-member 
variation in detrital garnet.  Use of a tabletop SEM is preferred to the electron 
microprobe for detrital garnet geochronology due to the reduced cost of operating 
a tabletop SEM for multi-grain analysis and because analysis by tabletop SEM 
does not require polishing or coating of samples when operating in charge-up 
reduction mode, unlike the electron microprobe.  This allows for collection of 
major element data directly from the garnet grains to be dated and makes full 
sample recovery feasible.  However, the tabletop SEM is less precise and 
accurate than the electron microprobe due to potential surface effects from the 
rough, uncoated grain surface and the large spot size required.  This 
comparative test was used to determine if the imprecision and even potential 
data offset inherent in semi-quantitative tabletop SEM analysis is tolerable when 
considering the challenges of detrital garnet geochronology, the need for full 
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sample recovery, and the goal of producing an internally consistent major 
element dataset. 
Several garnet grains from Townshend Dam, Vermont, and grains from 
three different colored garnet populations from Hampton Beach, New Hampshire, 
were analyzed to allow for comparison between the two analytical methods.  
Surface determination of major element chemistry was made using the tabletop 
SEM in Horst Marschall’s lab at WHOI following the standard methodology for 
major element analysis by tabletop SEM below.  This SEM is a Hitachi TM3000 
tabletop SEM with a Bruker Quantax70 Energy Dispersive X-ray Spectrometer 
attachment providing both BSE and EDS capabilities.  Comparison point 
analyses were made on the same representative grains using the JEOL-JXA-
8200 Superprobe electron microprobe at the Massachusetts Institute of 
Technology (MIT).   
A.2.11 Standard methodology for major element analysis by tabletop SEM 
Mount all grains to be analyzed in rows on an aluminum specimen mount 
using carbon tape.  Take and print a picture of the grain mount prior to arriving at 
the SEM.  The grain mount photograph serves as a visual guide during surface 
analysis and will be annotated with assigned grain numbers as each grain is 
analyzed to facilitate later grain identification and selection.   
Once you arrive at the SEM, load the mount into the instrument and pump 
down to an appropriate pressure for your instrument model.  Select charge-up 
reduction mode to allow for collection of analyses without carbon or gold coating 
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the samples. For each grain: 1) assign the grain a number and annotate the grain 
mount map, 2) adjust the focus and magnification to center the grain and fill the 
screen with a clear image, 3) collect and save a BSE image, 4) increase the 
magnification to get a clear image of the grain surface, and 5) switch to the EDS 
software to collect multiple EDS point analyses across each grain.  During EDS 
analysis, analyses should include the elements O, Fe, Si, Al, Mn, Mg, and Ca 
with 2 to 5 point analyses taken per grain and spot sizes varying between 7 and 
100 µm.  Locations for point analyses should be selected to maximize counts 
during EDS analysis by considering the collector geometry and should avoid 
cracks and minimize the influence of surface pitting or  surface coats that could 
interfere with elemental analysis.  Multiple point analyses should be taken across 
each grain to ensure that any compositional zoning is captured.   
Following completion of the SEM session, compile all of the atomic and 
weight percent values from the EDS major element point analyses into a single 
spreadsheet for processing.  For site assignment based on the generalized 
garnet formula, (Mn,Mg,Fe,Ca)3Al2Si3O12, use the atomic percent data from point 
analyses normalized to 3 Si, since the O measurement is very unreliable on the 
tabletop SEM.  Once site assignments are made, reject individual point analyses 
that fail to meet the criteria for acceptable totals (total cations of 8 ± .5 and total 
Al of 2 ± .25).  Average all the remaining, accepted point analyses for each grain 
from a single session to provide a single value representing the average 
composition of each grain by session.  Plot the resulting averaged grain values 
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on a ternary diagram.  Multiple ternary diagrams should be constructed using an 
Excel template with different combinations of Fe, Mn, Mg, and Ca as the three 
end-members plotted (e.g. Fe, Mn, and Mg+Ca or Mg, Ca, and Mn+Fe). 
A.2.12 Procedure for major element analysis by electron microprobe 
For the comparative SEM and electron microprobe test, grains previously 
analyzed by tabletop SEM were mounted in epoxy, polished through the 
approximate center of the grains using sandpaper of varying grit and polishing 
pastes, and carbon-coated.  A minimum of three spot analyses were taken using 
wavelength dispersive spectrometry (WDS) for each grain: one at the grain 
center, one at the rim, and at least one halfway between.  The electron 
microprobe at MIT was operated using an accelerating voltage of 15.0 kV, a 
beam current of 30 nA, and a spot size of 1 µm.  Measurements were made for 
CaO, Al2O3, K2O, MnO, Na2O, TiO2, SiO2, Cr2O3, FeO, and MgO.  The processed 
results from both the tabletop SEM and electron microprobe for the comparative 
test are available in Table A.1. 
A.2.13 Comparison of results for the major element analysis methodology test 
Ternary diagrams can be used to plot garnet end-member variation by 
using measured Fe, Mn, Mg, and Ca content from reduced microprobe and SEM 
analyses.  Both datasets plot with the same general visual pattern and range of 
chemistries (see Figure A.3).  Quantitative comparison of the similarity between 
the tabletop SEM analyses and rim analyses from the electron microprobe was 
made through comparison of measured major element values (Fe, Mn, Mg, and 
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Ca) from each method plotted against 1:1 lines, with deviation from the line 
indicating variance between methods.  The best-fit lines and accompanying R2 
values for each element were also calculated for comparison to the 1:1 lines.  
These plots, available in Figure A.4, confirm that surface analyses can be used 
as a reasonable proxy for polished cross-section analysis given the goals and 
needs of detrital garnet geochemistry. Fe, Mn, and Ca all have best fit lines with 
R2 values greater than 0.66 and best-fit line slopes close to 1.0.  This indicates 
that values are being reproduced in a linear manner without significant scatter 
between the methods.  It should be noted that Ca values, despite being fairly 
reproducible, may be systematically high when measured by tabletop SEM since 
the values are consistently above the 1:1 line. In these test samples, Mg is the 
least reliable element.  This can be seen in the scatter in the data, which may be 
partially attributed to the generally low Mg content in these garnet grains.  
Caution should be used when interpreting data collected by surface tabletop 
SEM analysis for major elements with low abundance or in trying to use ternary 
discrimination fields as some systematic offset from low abundance 
measurements can shift the points by up to 10-15%.  However, the overall end-
member chemistry from tabletop SEM surface analyses is sufficient to identify 
population trends and the dominant end-member prevalence.  
A.2.2 Grain Selection 
After collection of major element chemistry data for many potentially 
dateable garnet grains, it is necessary to select the specific grains to be used for 
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detrital garnet geochronology.  This selection is largely based on consideration of 
the chemistry of the grains and on grain size to determine the viability of 
individual grain analyses. 
A.2.21 Determination of necessary sample size 
Analysis using single detrital garnet grains is desirable for detrital garnet 
geochronology, as it reduces the possibility of age mixing and eliminates 
potential source mixing.  However, due to the limited sample size for many 
detrital grains and the low concentration of Nd and Sm in clean garnet, it is not 
always possible to use a single garnet grain.  Several grains with similar major 
element chemistry may need to be combined to reach an adequate sample size.  
The determination of whether to group grains or pursue individual grain analyses 
should be made by considering the amount of starting material available and the 
necessary sample size for a quality analysis. 
The amount of starting material can be determined by weighing individual 
grains.  Samples successfully dated have had starting weights as low as 0.37 mg 
prior to leaching (Chapter 2).  Current guidelines for analytical limitations derived 
from successes and failures during the Southern Appalachians detrital project 
discussed in Chapter 2 indicate that single grains must produce both leach and 
garnet loads greater than ~100 pg for useful age precision and must also yield 
clean garnet analyses with loads < 1.0 ng to ensure that the garnet point is not 
contaminated by inclusions. Practically, this imposes a current grain size 
limitation at ~0.4 mg by initial weight for single garnet grain analysis.  For a 
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chance at success, single grains must have starting weights greater than 0.4 mg, 
unless significant future improvements are made in the method.  If the starting 
weight is below this guideline, multiple grains must be grouped together. 
A.2.22 Determination by major element chemistry 
If grouping is necessary due to the sample size, it is important to consider 
the major element chemistry when deciding which grains to combine.  Detrital 
samples potentially contain multiple garnet populations.  It may be possible to 
discriminate between populations on the basis of grain color or major element 
chemistry, although these methods are not foolproof.  However, to minimize the 
risk of mixing grains from multiple populations, grains chosen to compose a 
grouping should all be the same color and have similar major element chemistry.  
Ternary diagrams generated following surface analysis by tabletop SEM can be 
used to identify the grains with the most similar chemistry. 
If single grain analysis can be undertaken, it is still important to consider 
the major element chemistry of chosen grains.  By choosing grains with a wide 
variety of measured chemistries, it is most likely that age variations from multiple 
populations will be captured if present.  Additionally, by choosing several single 
grains with similar chemistries it is easiest to examine age reproducibility for a 
particular garnet population. 
Some evidence from completed detrital garnet analyses point to a 
potential tie between garnet age and trends in major element chemistry.  Garnet 
end-member chemistry varies in response to changing pressure and temperature 
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conditions during growth, so it would not be surprising to find that early garnet 
and late garnet have different chemical signatures.  Preliminary, but non-
definitive, findings related to this link are discussed in Chapter 2.  There is 
potential for further exploration into this potential link, especially if future 
improvements are made to provide better age precision. 
A.2.23 Grain selection methodology 
Using the principles outlined above, determine whether single grain or 
grouped analysis will be undertaken.  If single grains are chosen, use the grain 
mount map to identify the grains to be used and carefully remove the grain from 
the carbon tape mount using tweezers.  If grouped grains are chosen, determine 
which grains are most chemically similar and how many grains to use to reach 
the sample size minimum.  Using the grain mount map, identify the appropriate 
grouped grains and carefully remove each of the grains from the carbon tape 
mount using tweezers.  Place the single grain or group in a clean 7 mL Teflon 
beaker.   
Add isopropyl alcohol to the sample and ultrasonicate for an hour or until 
the residue from the carbon mounting tape has been fully removed.  Rinse the 
grains at least twice using MilliQ water and dry thoroughly.  Remove the grain(s) 
from the beaker and place on top of a tungsten carbide disc.  Weigh the empty 
beaker.  Using a tungsten carbide mortar, crush the grain(s) between the mortar 
and disc.  Sample loss can be minimized by placing the disc on a piece of weigh 
paper and lifting up the sides around the mortar so that garnet pieces do not 
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escape during crushing.  It usually takes two to three compressions with the 
mortar to fully crush the grain.  Resulting pieces should be less than 150 microns 
in diameter to fully expose the inclusions for partial dissolution.  However, sieving 
the grains is impractical due to high sample loss and sample size constraints.  
Therefore, crushing must by judged visually and should be as homogeneous as 
possible without sieving.  Once the desired grain size is reached, knock any 
garnet pieces on the disc and the mortar onto a piece of weigh paper and use the 
weigh paper to transfer the sample to the beaker.  Weigh the beaker with the 
sample and subtract the weight of the empty beaker to determine the starting 
sample size.  Record the starting sample size on the partial dissolution 
worksheet available in Figure A.2. 
A.3 Partial dissolution 
A.3.1 Obtaining two points to define a detrital garnet isochron 
In order to accomplish Sm-Nd detrital garnet geochronology using the 
isochron method, a minimum of two analytical points from materials that grew 
and/or equilibrated at the same time are needed to define a line, with the slope of 
the line giving the age.  For detrital garnet geochronology one point comes from 
analysis of the garnet, but obtaining an appropriate second point is challenging.  
Using a whole rock or matrix analysis, as is common in traditional garnet 
geochronology, requires invoking the assumption that all of the detrital minerals 
in the sediment were derived from a single source rock; this assumption is 
unlikely to be true in most sediments.  Instead, we use a partial leaching method 
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to dissolve less chemically resistant inclusion populations from within the garnet 
for use as the second point on the isochron.  While this approach requires the 
assumption that the inclusions are in equilibrium with the host garnet, this 
assumption does not require invoking a single source since the inclusions and 
their host garnet must have originated within the same source rock. 
The partial dissolution procedure uses progressive exposure to 
hydrofluoric acid, perchloric acid, nitric acid, and aqua regia to leach out less 
chemically resistive inclusions from within the resistant garnet.  The exposure 
time and the amount of acid used during the partial dissolution varies between 
samples depending on the mineralogy of the inclusion population, the abundance 
of inclusions, and the Sm and Nd concentrations and ratios of both the garnet 
and the inclusions.  Partial dissolution has previously been utilized to remove 
inclusions during traditional Sm-Nd bulk garnet dating, but in traditional Sm-Nd 
dating the leachate is discarded as waste.  In this case, the leachate is retained 
for analysis as the second point on the isochron, while leaving behind 
undissolved garnet with a higher Sm/Nd ratio for analysis as the other point on 
the isochron. 
Each new sample will require some experimentation during initial test 
dissolutions to determine the ideal “recipe” for partial dissolution that fully 
dissolves inclusions while leaving behind adequate clean garnet with a high 
Sm/Nd for analysis.  The Sm/Nd ratio of the garnet should increase as more 
inclusions with high Nd and Sm concentrations and low Sm/Nd ratios are 
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dissolved, until all inclusions have been removed.  An Sm/Nd ratio of greater 
than 1.0 is preferred for achieving adequate age precision, as remaining garnet 
with a high Sm/Nd exerts greater control over the slope of the line yielding 
improved age accuracy and precision.  The “recipe” developed through initial 
dissolutions can then be applied to any remaining analyses for that sample. 
A.3.2 Partial dissolution methodology 
The worksheet for the remaining partial dissolution methodology is 
provided starting with step 3 in Figure A.2.  This worksheet can be adapted for 
different samples by adjusting the amount of time in each acid or omitting 
optional steps as needed. 
A.3.21 Hydrofluoric acid partial dissolution 
Hydrofluoric acid (HF) is used to dissolve silicate and oxide minerals.  
While garnet is a silicate, it is fairly resistant to chemical dissolution compared to 
many of the common silicate inclusions, such as quartz.  The HF should dissolve 
the silicate inclusions and some garnet, exposing additional inclusions within the 
crushed garnet grains.  The sample should be left in HF for a minimum of 15 
minutes, although to remove all inclusions some samples may require up to an 
hour in HF.  Thirty minutes is the recommended starting test length.  Exceeding 
an hour for small detrital samples is strongly discouraged as additional garnet 
dissolves the longer the sample is left in HF, reducing the final sample size for 
the garnet residue and potentially creating challenging analytical conditions tied 
to very small sample sizes.  If the sample is left in HF too long, the garnet will 
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eventually fully dissolve.  Timing should seek to strike a balance between 
achieving the highest possible Sm/Nd and the need to retain as much clean 
garnet as possible for precise analysis.    
For the HF step, add 2 mL of 1.5N hydrochloric acid (HCl) and 1 mL of HF 
to the crushed detrital garnet sample.  Alternate between placing the capped 
sample on the hotplate at 120°C for ten minutes and in the ultrasonic bath for five 
minutes until the total desired time in HF is achieved.  The ultrasonic minimizes 
clumping of the residue as secondary fluorides form.  If the sample becomes 
caked together, the interior of the clump will be shielded from reacting with the 
HF and the sample may not be cleaned adequately.  If clumps do not break down 
after five minutes, extend the time the sample spends in the ultrasonic bath.  
Once the total desired time is reached, use a pipette to carefully decant the HF 
acid without removing any garnet.  Retain the HF in a beaker for later analysis as 
part of the leachate.  Rinse the sample with 1 mL of 1.5 N HCl, ultrasonicate for a 
couple minutes, and decant the HCl into the same leachate beaker used for the 
HF.  Repeat the rinse, ultrasonic, and decant steps using 0.5 mL 1.5N HCl, 1 mL 
MilliQ water, and 0.5 mL MilliQ water.  Keep all of the decanted liquids for later 
analysis in the leachate beaker.  Once all rinses are complete, place the open 
beaker with the remaining solid residue on the hot plate for a few minutes to dry 
off any remaining water. 
A.3.22 Perchloric acid partial dissolution 
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Perchloric acid is used to dissolve secondary fluorides from the previous 
HF step.  Perchloric acid cannot be dried down in an open beaker unless it is in a 
special perchloric hood or is removed from the sample by distillation using small 
elbow stills with the EvapoClean system by Analab.  We use the elbow still 
method, as the enclosed environment minimizes blank addition allowing for clean 
removal of the perchloric acid.   
Add 1 mL of 1.5N HCl to the beaker with the garnet residue and retrieve a 
clean 30 mL beaker.  Transfer the HCl and garnet residue to the 30 mL beaker, 
retaining the original beaker for later use.  Add 2 mL of perchloric acid and 
ultrasonicate the beaker for five minutes before placing the beaker on the 
hotplate capped for fifty minutes.  After fifty minutes, ultrasonicate for another five 
minutes and attach the beaker to an elbow still with another clean 30 mL empty 
beaker on the other side.  Place the elbow still into the EvapoClean unit, with the 
sample and acid on the inside of the EvapoClean and the temperature set at 
150°C.  See Figure A.5 (Panel A) for what the setup looks like once the elbow 
stills are in place.  Leave the unit to distill overnight until all of the perchloric acid 
has been moved to the empty beaker outside of the EvapoClean unit and the 
garnet residue is dry.  This will take at least twelve hours.  After distillation is 
complete, turn off the EvapoClean unit and allow the elbow still and attached 
beakers to cool completely before removal.  Once cool, carefully unscrew the 
beaker containing the garnet residue and quickly cap the sample.  Take care 
when removing the beaker, as the sample can easily be impacted by static and 
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fly out of the beaker if caution is not taken.  Dump the perchloric acid in the other 
beaker into the appropriate waste stream, and rinse both the perchloric beaker 
and elbow with water prior to placing both into soapy water for later cleaning.  
Add 1 mL of 1.5N HCl to the garnet residue and transfer the acid and garnet 
residue back to the beaker retained prior to perchloric distillation.  Ultrasonicate 
and decant the acid, retaining the HCl in the leachate beaker.  Repeat the rinse, 
ultrasonicate, and decant steps with the remaining garnet residue using 0.5 mL 
1.5 N HCl and then 1 mL of MilliQ water, retaining all decanted liquids in the 
leachate beaker.   Place the open beaker with the remaining solid residue on the 
hot plate for a few minutes to dry off any remaining water. 
A.3.23 Nitric acid partial dissolution 
The next step uses nitric acid to remove any final exposed inclusions or 
stubborn secondary fluorides that may not have previously been dissolved.  Add 
2 mL of 7N nitric acid to the sample.  Place the garnet residue and nitric acid on 
the hotplate at 120°C for three hours, ultrasonicating for five minutes at the end 
of every hour.  After three hours, carefully decant the nitric acid and retain it for 
analysis as part of the leachate.  Rinse, ultrasonicate, and decant keeping the 
rinse using 1 mL of 1.5N HCl, followed by 0.5 mL of 1.5N HCl, and finally 1 mL of 
MilliQ water.  Place the open beaker with the remaining solid residue on the hot 
plate for a few minutes to dry off any remaining water. 
A.3.24 Aqua regia partial dissolution 
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The final partial dissolution step is optional.  This step uses aqua regia in 
an attempt to attack metamict or chemically weakened zircon, which will 
otherwise remain undissolved and could impact the isotope ratios.  Using the 
step is beneficial in removing any final resistant inclusions, but may be omitted 
when there are concerns about sample loss in especially small samples.  Add 2 
mL of 6N HCl and 500 µL of concentrated nitric acid to the garnet residue.  
Ultrasonicate the beaker for five minutes before heating the capped beaker for 
fifty minutes.  After fifty minutes, ultrasonicate for another five minutes and 
decant the aqua regia into the leachate beaker to be retained for analysis as a 
part of the inclusion leachate.  Rinse, ultrasonicate, and decant keeping the rinse 
cycling through 1 mL of 1.5N HCl, 0.5 mL of 1.5N HCl, and 1 mL of MilliQ water.  
Place the open beaker with the remaining garnet on the hot plate for a few 
minutes to dry off any remaining water.  Carefully cap the beaker and allow to 
cool.  If the sample is large enough, you may consider reweighing the sample 
before proceeding to full dissolution. 
A.4 Full dissolution 
A.4.1 Purpose of full dissolution 
After completion of the partial dissolution procedure, the remaining “clean” 
garnet residue is placed into a series of acids for full dissolution.  It is critically 
important to ensure that all solid material is fully dissolved before moving on with 
later steps.  There should be no remaining solid in the bottom of the beaker at 
the end of the full dissolution procedure to avoid sample fractionation. 
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The full dissolution procedure does not vary much between samples, 
although some samples may need to undergo full dissolution more than once to 
fully dissolve.  Small samples such as single grain detrital samples, however, 
generally require less acid and time to fully dissolve than traditional whole rock or 
bulk garnet analyses.  The adaptation to the use of less acid reduces the 
environmental blank being added to the samples, improving the analysis. 
A.4.2 Full dissolution methodology 
Add 0.5 mL 1.5N HCl and 1 mL of HF to the remaining solid residue 
following partial dissolution.  Place the capped beaker on the hotplate at 120°C 
for at least twelve hours.  Ultrasonicate the sample periodically for ten to twenty 
minutes to avoid sample clumping.  It is especially important to ultrasonicate the 
sample more frequently near the start of full dissolution.  Once there is no more 
dark material at the bottom of the beaker, carefully uncap the beaker.  There may 
still be a small amount of solid, but it should be white to clear and fine secondary 
fluorides rather than dark garnet or inclusions.  Place open beaker on the 
hotplate until fully dry.  Reexamine the sample to be sure that no dark 
undissolved garnet or rock is visible. 
Add 1 mL of concentrated nitric acid and 500 µL of 1.5N HCl to the 
beaker.  Cap the beaker and place on the hotplate for at least twelve hours.  
Ultrasonicate the sample periodically for ten to twenty minutes to avoid sample 
clumping.  Ultrasonicating during the nitric step is less critical than during HF full 
dissolution.  Once there is no more solid material in the bottom of the beaker, 
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carefully uncap the beaker and dry down fully on the hotplate. When dry, add 2 
mL 1.5N HCl and 250 µL concentrated nitric acid.  Examine the solution in the 
beaker. If there is no remaining solid the full dissolution is complete.  If solids 
remain, repeat the HF and nitric step as needed until fully dissolved. 
A.5 Column chemistry 
A.5.1 Spiking and aliquotting 
A.5.11 Basics of spiking and aliquotting 
We use two different Sm and Nd mixed spike solutions for isotope dilution.  
One of the spikes has an Sm/Nd of 1.0 A and is used for garnet samples, which 
have high Sm/Nd ratios when clean.  The second spike has an Sm/Nd ratio of 
0.15 A and is used for all leaches, whole rocks, powders, blanks, and 
calibrations.  The spike has been carefully calibrated so that the isotope contents 
are well characterized.  This is critical, as spiking relies on adding a known 
amount of spike with a known isotope profile to the sample, using the added 
spike to determine the Nd and Sm concentrations, and then fully stripping the 
known amount of added spike out of the data during post-processing to ensure 
that the added spike is removed from the measured isotope ratios.  It is possible 
to add too little or too much spike. Samples that are more than approximately 
three times underspiked or ten times overspiked may have to be discarded, as 
the data processing procedures cannot handle stripping out spike amounts 
outside of these parameters.  Therefore, care should be taken to estimate the 
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amount of spike to be added to the samples carefully to avoid significant 
overspiking or underspiking. 
Aliquotting is done to control the amount of Nd and Sm that will ultimately 
be loaded onto the filament and can provide critical opportunities for repeat 
analysis.  Often the leach contains high concentrations of Nd and Sm (> 1.0 
ppm), as the leach may include dissolved inclusions with high Nd and Sm 
concentrations.  However, the leach can vary significantly between grains, since 
sometimes a single garnet grain will only contain low concentration inclusions or 
will be relatively inclusion-free.  This makes spiking the leach particularly 
challenging, as each attempt will be different and the Nd and Sm concentrations 
can vary by two orders of magnitude or more.  By dividing the sample into 
multiple aliquots, it is possible to spike one portion of the sample for a 
concentration based on a best guess, while retaining enough of the sample that if 
the solution is very underspiked or overspiked a repeat analysis can be done 
using the proper amount of spike.  Additionally, we avoid running samples with 
more than 6 ng of Nd or 25 ng of Sm to keep samples as close to the size of the 
standards as possible and avoid reducing ionization efficiency by changing the 
ratio of sample to activator during loading; aliquotting the leach can help ensure 
that the load is not too large.  Garnet samples generally have low concentrations 
of Nd and Sm and therefore should not be aliquotted. 
A.5.12 Spiking and aliquotting methodology 
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The worksheet for use in spiking and aliquotting procedures is provided as 
Figure A.6.  The top portion of the sheet provides an area for recording the 
starting sample weight and the amount and strength of acids used during the 
prior full dissolution procedure.  The bottom portion of the sheet is to be used to 
record aliquot size and spike amounts.  One sheet should be used for each 
garnet and each leach analyzed.  
Prior to aliquotting and spiking, estimate the likely Nd and Sm 
concentration for the garnet or leach and use the starting sample size to estimate 
the Nd and Sm content of the sample.  Estimates should be conservative and 
take into account the potential range of sample sizes for which the sample would 
be reasonably spiked to minimize the number of attempts necessary and to avoid 
overspiking or underspiking when possible.  Record the target amount of spike 
and the estimated aliquot size. 
Garnet samples should not be aliquoted.  They can go straight to spiking.  
Leach samples should be divided into multiple aliquots.  To begin aliquoting the 
leach, weight an empty 7 mL Teflon beaker and record the weight.  Pour in the 
full sample and reweigh.  Record the full sample weight.  Return the sample to 
the original sample beaker and reweight the emptied beaker to make sure that all 
liquid has been evacuated.  Using a pipette and the aliquot size estimate, 
calculate how much sample should be removed from the sample beaker and 
added to the empty beaker.  Weight the aliquot of the sample, and record the 
weight.  Calculate the weight of the full sample and of the aliquot by subtracting 
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the weight of the empty beaker from each measurement.  Using the starting 
sample weight, calculate the mg of rock in each mL of sample by dividing the 
starting sample weight in mg by the weight of the full sample.  Multiply this value 
by the aliquot weight to determine the amount of material in the aliquot and also 
record the amount left in the original beaker. 
To spike the samples, first select the appropriate spike.  Use 1.0 A Sm/Nd 
mixed spike for garnet and 0.15 A Sm/Nd mixed spike for everything else.  
Carefully record which spike was used for the sample.  Weigh an empty 7 mL 
Teflon beaker.  Add the previously determined target amount of spike to the 
beaker.  Reweigh the beaker and subtract the beaker weight to determine the 
final amount of spike to be added to the sample.  Combine the sample and the 
spike.  Be sure to thoroughly mix the sample and the spike to aid in spike 
equilibration.  Use extreme care when weighing, as it is critical to both accurately 
and precisely know the amount of spike added to the sample.   
After spiking, place the uncapped beakers on a hot plate at 120°C to dry 
down.  Once the sample is dry, add 1.0 mL of 1.5 N hydrochloric acid to the 
sample, cap, and ultrasonicate to dissolve the sample for column chemistry. 
A.5.2 Iron cleanup columns 
A.5.21 Iron cleanup columns basics 
The first of three columns run during detrital garnet geochronology are iron 
cleanup columns used to remove excess iron from the samples.  This column 
was introduced because the high iron content in garnet and even in garnet-
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bearing whole rocks can overwhelm the TRU resin used during subsequent 
column procedures, reducing the TRU resin’s binding capacity for REEs and 
leading to poor yields.  The small sample sizes involved in detrital garnet 
geochronology may not necessitate use of this column, but definitive testing to 
determine whether the step is necessary has not been undertaken.  The columns 
were run as a precaution since they may improve yields and add little 
contamination to environmental blanks.  The iron removal columns use 100-200 
mesh AG50W-x4 cation resin rinsed repeatedly with MilliQ followed by 3.0N HCl 
and additional MilliQ water rinses and are currently being run in disposable 
plastic transfer pipette columns.  The iron will flush through the columns during 
elution with 1.5N HCl, while the elements of interest will remain in the columns 
until released with 6.0N HCl. 
A.5.22 Iron cleanup column methodology 
The procedure described below is available as attached Figure A.7.  A 
photograph of the column setup is presented in Panel B of Figure A.5. 
Gather column racks and enough waste beakers and pre-made iron 
removal columns for each sample to be run.  The iron removal columns should 
be made at least twenty-four hours in advance by cutting off the top of the bulb of 
a plastic transfer pipette to create an open reservoir, trimming the tip of the 
pipette to 13.5 cm in length, adding a frit to the tip of the pipette so that the 
bottom of the frit is 13.0 cm from the base of the reservoir, and placing the 
columns into 3.0N HCl in a storage bottle until needed.  
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For each sample remove one premade iron removal column from the 
storage solution and dump any acid in the reservoir back into the storage 
container.  Rinse the columns thoroughly, and fill the column reservoir with MilliQ 
water.  Place your finger over the top of the column and squeeze gently to force 
water and any air bubbles through the column.  Do not allow any air bubbles to 
remain!  If air bubbles are still present, try tapping or flicking the column until all 
bubbles have been evacuated.  Place the column in the column rack with a 
waste beaker underneath.  Using a small squirt bottle filled with clean resin 
suspended in MilliQ water, add resin to the reservoir and allow the resin to settle.  
Fill the reservoir to a resin height of 0.8 cm above the column rack to allow for 
later resin shrinkage.  Do not pack or compact the resin.  Remove any excess 
MilliQ water using a pipette. 
To run the columns, begin by adding 8.0 mL of 6.0N HCl to clean the resin 
and columns.  The column reservoir can hold 2-3 mL at a time depending on the 
resin height, so the acid will need to be added incrementally.  The resin will 
shrink as the 6.0N HCl moves through the column.  Once all 8.0 mL of 6.0N HCl 
have passed through the column, add 3.0 mL of 1.5N HCl to condition the resin.  
All of this acid should fit into the reservoir at once.  As the conditioning acid 
moves through the columns, transfer each sample in 1.0 mL of 1.5N HCl to a 
labeled microcentrifuge tube.  Centrifuge the samples for 2-3 minutes at 5000 
rpm.  Once the conditioning acid has passed through the column, use a pipette to 
remove excess resin until the resin is level with the base of the reservoir using 
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additional 1.5N HCl to wet the resin as needed.  It is now time to load the sample 
onto the column.  Using a pipette carefully transfer the sample from the 
centrifuge tube to the column, adding the sample slowly to avoid disturbing the 
resin surface.  As the sample moves through the column, add 1.5 mL of 1.5N HCl 
to the emptied centrifuge tube and centrifuge again.  Add the centrifuged “wash” 
acid to the columns once the sample acid has finished passing through the 
column, exercising caution to avoid disturbing the resin surface.  Once the wash 
has fully passed through the columns, add 4.5 mL of 1.5N HCl as a rinse to 
remove the iron.  The rinse will need to be added in two steps due to the 
reservoir capacity.  Acid leaving the columns may be tinted yellow, indicating that 
iron elution is underway.  If the dripping acid is still yellow after 4.5 mL, continue 
to add 1.5N HCl in 1 mL increments until the acid is clear.  If the acid leaving the 
column is clear after 4.5 mL, the typical result for small samples, then proceed 
with the next step without adding additional 1.5N HCl.  Finally, to collect the 
sample replace the waste beaker with a collection beaker, and add 4 mL of 6.0N 
HCl to the column.  The 6.0 N HCl will release the remaining sample and allow 
for collection. 
Once the columns have finished dripping, cap the sample collection 
beakers.  Allow the columns to dry at least overnight and then dispose of the 
columns and resin.  Discard the acid collected in the waste beakers in the 
appropriate waste stream.   Prior to running the next columns, dry down the 
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samples on a hotplate at 120°C and bring the samples back up in 500 μL of 2.0N 
nitric acid. 
A.5.3 TRU-Spec columns 
A.5.31 TRU-Spec column basics 
TRU-Spec columns are used to separate the rare earth elements (REEs) 
from lighter elements.  The columns use 100-150 μm TRU-Spec resin rinsed 
repeatedly with MilliQ water prior to use and are run in Teflon microcolumns to 
reduce the addition of environmental blank.  The TRU-Spec resin retains REEs 
during elution with 2N nitric acid to remove lighter elements and release the 
REEs for collection in 0.05N nitric acid.   
A.5.32 TRU-Spec column methodology 
The procedure described below is available as the attached Figure A.8.  A 
photograph of the column setup is presented in Panel C of Figure A.5. 
For each sample remove one column from the 0.05N nitric acid storage 
solution, and dump any acid in the reservoir back into the storage container.  
Rinse the columns thoroughly with MilliQ water.  Invert the column and drip MilliQ 
water onto the tip of the column so that water begins to flow toward the reservoir 
evacuating the air in the column as it moves through.  Keep adding water to the 
bottom until water is dripping into the sink.  Quickly flip the column upright, and fill 
the reservoir with MilliQ water.  Examine the column for air bubbles.  Do not allow 
any air bubbles to remain!  If air bubbles are still present, try tapping or flicking 
the column until all bubbles have been evacuated.  Place the column in the rack 
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with a waste beaker underneath.  Using a small squirt bottle filled with clean 
TRU-Spec resin, add resin to the reservoir and allow the resin to settle.  Continue 
to fill the reservoir until the settled resin level is above the base of the column 
reservoir.  Do not pack or compact the resin.  Use a pipette to remove any 
excess resin and MilliQ water until the resin is level with the base of the reservoir. 
To run the columns, begin by filling the reservoir with MilliQ water.  This 
step was added after a series of blanks identified that flushing the resin with an 
additional reservoir of water at the beginning of the procedure helps reduce the 
environmental blank added by the TRUspec procedure.  Once all of the water 
has passed through the column, add 4 mL of 0.05 N nitric to complete cleaning of 
the resin.  Following the cleaning step, add 4 mL of 2N nitric acid to condition the 
resin prior to adding the sample.  Once all of the conditioning acid has passed 
through the column, the column is ready for loading of the sample.  The sample 
should have already been dried down after iron cleanup columns and brought up 
in 500 μL of 2N nitric.  Carefully pipette the sample into the column, taking care 
not to disturb the resin surface.  Once the sample has passed through and the 
column has stopped dripping, wash the column by adding 100 μL of 2N nitric.  
Repeat the wash procedure two additional times.  Once the washes are 
complete, add 3.5 mL of 2N nitric acid to rinse the column and remove the light 
elements.  Following completion of the rinse, replace the waste beaker with a 
sample collection beaker, and add 3 mL of 0.05N nitric acid to collect the REEs.   
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Once the column stops dripping and all of the nitric acid used in the collect 
step has passed through the column, cap the collection beaker.  Discard of acid 
collected in the waste beakers in the correct waste stream.  To clean out the 
columns after use, invert the column over a waste beaker and add MilliQ water to 
the column tip until the resin drips out of the column.  Rinse the column 
thoroughly with MilliQ, and return the columns to their storage container filled 
with 0.05N nitric acid. 
A.5.4 MLA columns 
A.5.41 MLA column basics 
We use Teflon columns with 100-200 mesh AG50W-x4 cation resin and α-
hydroxyisobutyric acid, also known as 2-methyllactic acid or MLA, to separate 
Sm and Nd from each other and from any other REEs present.  The MLA crystals 
used to make the MLA acid used is double distilled in jar stills to reduce the 
column’s contribution to environmental blank, as the MLA column is generally the 
largest blank contributor.  Additionally, the resin is cleaned and conditioned prior 
to use in MilliQ water and 0.4N MLA to remove additional contaminants.  MLA 
used in the columns is made in 2 L batches with 0.2M strength acid adjusted to a 
pH of 4.60 ± 0.02 using clean ammonium hydroxide.  The MLA columns must be 
recalibrated for each new batch of MLA using a known yield solution to ensure 
capture of the Nd and Sm peaks with yields greater than 85% and to minimize 
contamination by Gd for the Sm peak or contamination by Sm or Pr for the Nd 
peak.  While some labs have moved away from this method to simpler columns 
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using Ln-Spec resin, since we run Nd as an oxide we need to eliminate any 
potential isobaric interferences from the three oxygen isotopes and that 
elimination is most efficiently accomplished by use of MLA columns. 
A.5.42 MLA column methodology 
The procedure described below is available as the attached Figure A.9.  A 
photograph of the column setup is presented in Panel D of Figure A.5. 
Before starting the columns, prepare samples for MLA columns by drying 
down the acid collected from the Tru-Spec columns on a hotplate at 120°C.  Do 
not allow the samples to dry fully!  If a sample fully dries it becomes extremely 
difficult to bring back into solution.  As the dry down nears the end, watch the 
sample carefully.  After the sample has dried to about the size of an “o” and no 
longer easily rolls along the bottom of the beaker, add 50 µL of 0.75N HCl.  Place 
the beaker back onto the hotplate until the acid dries down to the same size 
again and bring up in 50 µL of 0.75N HCl.  Repeat at least one more time with 
another 50 µL of 0.75N HCl.  After reaching the final small droplet stage, bring up 
the sample in 100 µL of 0.75N HCl for loading onto columns.  If the sample dries 
too much during any of the steps it may be necessary to dissolve the sample in a 
small amount of concentrated nitric acid and 0.75N HCl together to fully dissolve 
the sample before repeating the gradual dry down method described above. 
Each sample will require its own MLA column.  Running more than ten 
MLA columns simultaneously is not recommended.  Insert a frit into the bottom of 
the column so that the bottom of the frit is 294 mm below the base of the 
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reservoir.  Place the column in a column rack with a waste beaker positioned 
below the column.  Fill the reservoir with MilliQ water and use the palm of a 
cleanly gloved hand to apply pressure to the top of the column and force the 
water through the column to remove air bubbles.  Do not allow any air bubbles to 
remain!  If air bubbles are still present, try tapping or flicking the column until all 
bubbles have been evacuated.  Using a small squirt bottle filled with cleaned and 
conditioned AG50w-x4 resin suspended in MilliQ water, add resin to the reservoir 
and allow the resin to settle.  Continue to fill the reservoir until the settled resin 
level is well above the base of the column reservoir.  Do not pack or compact the 
resin.  Use a pipette to remove excess resin and MilliQ water until the resin pile 
measures 1.3 cm in diameter and all excess MilliQ has been removed.  The 
diameter of the resin pile allows for shrinkage of the resin during cleaning and 
conditioning of the columns.  Shake the container of MLA acid to be used and 
pour MLA acid into a clean 22 mL beaker for each sample. 
To run the MLA columns, begin by adding 10 mL of 0.2M MLA to the 
reservoir to condition the resin.  Once all of the conditioning acid has passed 
through the column, adjust the resin pile to the final run diameter of 0.8 cm using 
a pipette and additional 0.2M MLA as needed to wet the resin.  Add 100 µL of 
MilliQ water to the final adjusted resin pile and the column is ready to be loaded.  
Load the sample in 100 µL of 0.75N HCl as prepared above.  Be cautious when 
adding the sample not to disturb the surface of the resin pile, or the separation 
quality may be negatively impacted.  Once the entire dissolved sample has 
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passed into the column, use an additional 100 µL of 0.75N HCl to rinse the 
sample beaker and load it onto the column, ensuring full addition of the sample.  
Once the entire second 0.75N rinse has passed into the column, wait ten 
seconds before adding 100 µL of MLA.  Adding a small amount of MLA at this 
point makes it easier to avoid disturbing the surface of the resin pile.  Repeat with 
an additional 100 µL of MLA acid.  From this point forward in the procedure the 
amount of 0.2M MLA to be added in each step will vary according to the 
calibration for the batch of MLA.  The following amounts are an example of the 
values from one batch of MLA.  Add 2.9 mL of MLA as the first waste rinse and 
discard.  Change from a waste beaker to a sample collection beaker and add 1.6 
mL of MLA to collect the Sm peak.  Change back to a waste beaker and add 2.4 
mL of MLA as the second waste rinse and discard.  Change to a new sample 
collection beaker and add 2.2 mL of MLA to collect the Nd peak.   
Once both the Sm and Nd cuts have been collected, place the labeled 
beakers on a hotplate at 120°C overnight to dry down.  Samples must be dried 
down hard overnight before being prepared for loading onto the TIMS to remove 
the organic MLA acid.  You can the discard of waste acids in the correct waste 
stream.  To clean the MLA columns, invert the columns and use a section of 
plastic tubing and a pipette to add water from the bottom of the column to remove 
the resin.  Use a thin piece of Teflon “snake” to push the frits out of the columns 
and dispose of the frits.  Rinse each MLA column in MilliQ water three times and 
return them to their storage tray. 
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A.6 Thermal Ionization Mass Spectroscopy (TIMS) 
A.6.1TIMS instrument and system overview 
Method development for detrital garnet geochronology was undertaken at 
the Boston University TIMS facility using a ThermoFinnigan Triton multicollector 
thermal ionization mass spectrometer (TIMS).  Nd was run on single rhenium 
filaments as NdO+ with a Ta2O5 and H3PO4 slurry as an activator.   Running Nd 
as an oxide with the tantalum oxide activator improves ionization efficiency, 
which is critical for analysis of samples smaller than 5 ng.  Sm was run as a 
metal using double filaments of zone-refined rhenium. 
A.6.2 External reproducibility 
Ames metal is used as the in-house standard for NdO+ at the Boston 
University TIMS facility.  Both a 4 ng load and a 400 pg load of this standard 
have been measured repeatedly to build a database for determination of long-
term external precision on 143Nd/144Nd.  The 400 pg load was introduced in 2014 
specifically to provide better constraint on the long-term external precision for 
smaller samples associated with the detrital garnet geochronology method 
development.  For publication of the 143Nd/144Nd precision, the value reported 
should be whichever is worse between the long-term external precision for the 
relevant size standard or the internal run precision.  In very small samples, the 
internal run precision is often worse than the long-term external precision.  Since 
an instrument cup change that reset the long-term precision log, the external 
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precision for all 4 ng standards run by K. Maneiro was 17.0 ppm (2σ) and for all 
400 pg standards run by K. Maneiro was 36.8 ppm (2σ). 
An in-house Sm standard is also run to track the long-term external 
precision for 147Sm/152Sm.  The 20 ng load has an external precision of 28.6 ppm 
(2σ) for all Sm standards run by K. Maneiro since the cup change.  
Reproducibility of the 147Sm/144Nd is reported as 0.023%, based on repeat 
analyses of a mixed gravimetric normal solution with our in-house spike.  When 
reporting the precision for 147Sm/144Nd use whichever is worse between the run 
precision or 0.023% of the 147Sm/144Nd ratio.  For small samples it is almost 
always going to be the run precision. 
A.6.3 Sample preparation for loading 
Following MLA columns, samples should have been dried down hard 
overnight on a hotplate at 120°C.  The samples must be completely dry before 
moving to the next step to help ensure that the organic MLA acid will be fully 
broken down.  Add 150 μL 7N nitric acid and 150 μL 6N HCl to the fully dried 
sample, cap the beaker, and return to the hotplate at 120°C.  After 2-3 hours, 
uncap the samples and allow it to dry.  For samples spiked before columns, add 
50 μL of concentrated nitric acid and dry down one final time before the sample is 
ready to load.  Do not dry down too hard or loading will be difficult.  For samples 
to be spiked after columns (e.g. calibrations and blanks) add 200 μL 
concentrated nitric acid.  Follow the spiking procedure listed above, and following 
spiking dry down the samples so that they are ready to load. 
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A.6.4 Sample loading procedure 
A.6.41 Nd loading 
Nd cuts are loaded onto single, commercial grade rhenium filaments.  
Place the filament on the loading platform.  Add 1 μL of 2N nitric directly on top of 
the dried sample and allow it to sit for a couple of minutes to dissolve.  Load the 
sample onto the filament, one drop at a time.  After the first drop has been 
added, turn up the current to 0.6 A to slowly dry the sample.  Continue to load the 
sample in the smallest possible increments until it is fully loaded and allow the 
sample to dry at 0.6 A.  Add another 1 μL of 2N nitric acid to the sample beaker 
and move the acid drop around the beaker until it no longer sticks to ensure that 
the full sample is loaded.  Load the rinse nitric to the filament in the smallest 
possible increments.  Allow the filament to dry at 0.6 A.  Shake the tantalum 
oxide and phosphoric activator to fully suspend the slurry.  Add 2 μL of the 
activator in the smallest possible increments.  Allow the filament to dry for ten 
minutes at 0.6 A.  After ten minutes, underglow the sample by slowly raising the 
current until the filament glows red for twenty seconds and then turn off the 
current.  Place the filament on the barrel, and add a blank and coverslip.  Be sure 
to record the sample’s position on a log sheet. 
A.6.42 Sm loading 
Sm cuts are loaded onto double, zone-refined rhenium filaments.  Place 
one filament on the loading platform for each sample.  Add 1 μL of 2N nitric 
directly on top of the dried sample and allow it to sit for a couple of minutes to 
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dissolve.  Preheat the filament to 1 A for 10 seconds and then turn current down 
to 0.6 A prior to loading.  Load the sample onto the filament in the smallest 
possible increments.  Allow the sample to dry at 0.6 A.  Add another 1 μL of 2N 
nitric acid to the sample beaker and move the acid drop around the beaker until it 
no longer sticks to ensure that the full sample is loaded.  Load the rinse nitric to 
the filament in the smallest possible increments.  Allow the filament to dry at 0.6 
A.  No activator is used for Sm.  Allow the filament to dry for ten minutes at 0.6 A.  
After ten minutes, bake the sample for one minute at 1.8 A and then underglow 
the sample by slowly raising the current until the filament glows red for ten 
seconds before turning off the current.  Place the filament on the barrel, and add 
a second filament and coverslip.  Be sure to record the sample’s position on a log 
sheet. 
A.6.5 Running procedure for TIMS analysis 
A.6.51 Nd analysis 
The Nd method measures 142NdO, 143NdO, 144NdO, 146NdO, 148NdO, and 
150NdO along with 141PrO, 152SmO, and 154SmO as oxides for interference 
correction. There are twenty cycles per block and blocks are collected until the 
sample reaches exhaustion or the 2σ internal precision on the 143Nd/144Nd falls 
below the long-term external precision.  The integration time is 4.194 s, with an 
idle time of 3.00 s.  Amplifier rotation is used in the method along with a baseline 
every fourth block and no focusing or peak centers.  These parameters were 
chosen to maximize the amount of signal collected in the shortest amount of 
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time, since very small samples often do not run very long.  Normalization 
performed by the software uses 146NdO/144NdO of 0.72225. 
A.6.52 Sm analysis 
The Sm method measures 144Sm, 147Sm, 148Sm, 149Sm, 150Sm, 152Sm, and 
154Sm along with 155Gd for interference correction. There are twenty cycles per 
block and blocks are collected until the sample reaches exhaustion or the 2σ 
internal precision on the 147Sm/152Sm falls below the long-term external precision.  
The integration time is 4.194 s, with an idle time of 3.00 s.  Amplifier rotation is 
used in the method along with a baseline every fourth block and no focusing or 
peak centers.  These parameters were chosen to maximize the amount of signal 
collected in the shortest amount of time, since very small samples often do not 
run very long.  Normalization performed by the software uses 149Sm/152Sm of 
0.51686. 
A.7 Data Reduction and Age Determination 
A.7.1 Data reduction 
A.7.11 Standard data reduction 
Export the data from the TIMS’ computer, and import it into a data 
reduction Excel spreadsheet.  There is one spreadsheet for samples spiked 
using 1.0 A Sm/Nd spike and another for samples spiked using 0.15 A Sm/Nd 
spike.  Raw data for the Nd and the Sm cut for a single sample should be 
entered into the appropriate tabs.  The raw data for Nd and Sm should be 
checked for quality.  Any blocks at the beginning or end of the run without a 
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sufficient beam size should be cut, as small samples are sometimes started early 
before the beam has reached its peak size and are run to exhaustion.  Using the 
data retained after clipping, recalculate the mean, the absolute standard error, 
and the percent standard error for each ratio.  Enter the appropriate values into 
the Nd and Sm reduction spreadsheets, including the starting sample size and 
amount of spike added.  Both the Nd and Sm data reduction sheets are designed 
to take the unnormalized means of the ratios of interest and use an iterative 
process to strip out the known amount of spike added, correct for fractionation, 
normalize the data to 146Nd/144Nd or 149Sm/152Sm, and account for 16O, 17O, and 
18O isotopes involved in measuring Nd as an oxide.  The internal precision for the 
samples is calculated from the normalized percent standard error for each ratio.  
The sheets will also calculate the Nd and Sm concentrations and the amount of 
Nd and Sm loaded on the filament using the spike and sample size values. 
A.7.12 Offline interference corrections 
Nd is corrected for isobaric interference from Pr and Sm that result from 
running Nd as an oxide by using an offline correction sheet.  Since Pr has a 
single isotope, Pr correction is fairly straightforward.  Correction for Sm is much 
more difficult, due to the number of isotopic interferences.  Ideally, no correction 
is necessary because column chemistry was performed cleanly.  If correction is 
necessary, samples with Pr interferences greater than approximately 0.3 and/or 
Sm interferences greater than 0.02 should be evaluated with extra care and in 
especially severe cases may need to be discarded.  Samples with interferences 
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below the cutoff should use the 143Nd/144Nd precision calculated from the offline 
correction sheet. 
Sm can be corrected for isobaric interference from Gd using an offline 
correction sheet.  Ideally, no correction is necessary because column chemistry 
was performed cleanly.  If correction is necessary, samples with severe Gd 
interferences may need to be discarded.  Samples with interferences should 
substitute the output from the Gd offline correction sheet for the standard Sm 
reduction sheet. 
A.7.2 Blank correction 
A.7.21 Blank correction basics 
See Chapter 2 for additional discussion.  Single-grain analysis is 
challenging due to the limited sample size of single grains and low Nd and Sm 
concentrations in clean garnet, usually < 0.5 ppm and sometimes <0.1 ppm 
(Baxter and Scherer, 2013).  Starting grain sizes for detrital grains have resulted 
in TIMS Nd loads as small as 17.0 pg for analyzed garnet and 106.9 pg for 
analyzed leached inclusions. Since the ratio of blank to sample is often greater 
than the 1:100 threshold cited as negligible, the impact of environmental blank 
must be carefully considered (e.g. Pollington and Baxter, 2010). Repeat analyses 
of three-column analytical blanks for the majority of method development 
resulted in a measured blank magnitude of 4.31 ± 0.59  pg (weighted average, 
n=22). The blank magnitude and weighted average isotope ratios calculated from 
repeat blank measurements (143Nd/144Nd = 0.045 ± 0.017, 147Sm/144Nd = 0.5125 
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± 0.0012) can be used to apply a rigorous blank correction to the ages by using 
Monte Carlo simulation to repeatedly subtract the effect of the blank from the 
isotope ratios before averaging the results and calculating a correlation 
coefficient representing the correlation in the 143Nd/144Nd and 147Sm/144Nd errors.  
All blank measurements made by K. Maneiro are available in Table A.2.  
A.7.22 Blank correction methodology 
Use the blank correction sheet included in the sample reduction Excel file 
to repeatedly subtract the effect of the blank from the isotope ratios by Monte 
Carlo simulation.  You must input the blank magnitude and relevant calculated 
blank ratios for the duration of the study in progress.  The spreadsheet will then 
calculate averaged 147Sm/144Nd and 143Nd/144Nd ratios and associated 2σ 
standard deviation from the results of the Monte Carlo simulation reflecting the 
value without the impact of blank as well as a correlation coefficient representing 
the correlation in the 143Nd/144Nd and 147Sm/144Nd errors. 
A.7.3 Age determination 
The blank-corrected isotope ratios and correlation coefficient for both the 
garnet and the associated leach can be used with the Excel macro Isoplot to 
calculate blank-corrected ages (Ludwig, 2003).  
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Figure A.1: Surface coat removal.  
BSE images of the same garnet grain before and after exposure to a pre-rinse 
procedure of grain submersion in 1.5N HCl in a capped beaker for 24 hours in an 
ultrasonic bath demonstrating effective chemical removal of a surface coat. 
 
 
  
Before Pre-rinse 
After 24 hour Pre-rinse 
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Figure A.2: Detrital garnet sample preparation worksheet.  
Worksheet outlining the steps to be used during the partial dissolution 
procedure for detrital garnet geochronology. 
 
Detrital Garnet Sample Preparation (updated 05/09/2016 by KAM) 
SAMPLE:   
 
DATE:   
 
1. PRE-RINSE 
 
  
add 2-3 mL of 1.5N HCl to garnet, ultrasonicate for approx 18-24 hours, remove 
acid, rinse and dry down, record time in ultrasonic 
 
  
mount grains with carbon tape and take to WHOI for tabletop SEM surface 
analyses 
 
  
remove grains from mount, add 0.5 mL isopropyl to grains in the smallest size 
Teflon beakers, ultrasonicate for 30 minutes or until tape residue is gone, 
record time in alcohol 
 
  
rinse with 1 mL MilliQ at least twice and dry down, record number of rinses in 
box 
2. CRUSHING 
 
  weigh a 7ml beaker in the clean lab (with cap, without label) 
 
  weigh sample and beaker together 
 
  starting garnet weight before crushing 
 
  put clean tungsten carbide disk on weigh paper and place garnet on top 
 
  
carefully crush garnet with clean pestle, knock all garnet onto weigh paper  
and transfer to beaker 
3. PARTIAL DISSOLUTION 
3a. HF STEP 
 
  add 2ml of 1.5N HCl 
 
  add 1ml of HF 
 
  put on hotplate for _________ minutes, covered at 120 C, note start time 
 
  remove and ultrasonicate for 5 minutes, after every 10 minutes (check for each) 
 
  get a new 15 mL beaker 
 
  
decant HF into new beaker (label this beaker "sample name-leach HF"), note 
time 
 
  add 1ml 1.5N HCl, ultrasonicate for 1 min, decant into leachate beaker 
 
  add 0.5ml 1.5N HCl again, ultrasonicate for 1 min, decant into leachate beaker 
 
  add 1 ml MQ water, ultrasonicate for 1 min, decant into leachate beaker 
 
  add 0.5 ml MQ water again, ultrasonicate for 1 min, decant into leachate beaker 
 
  put open beaker with garnet residue on hotplate and dry down the sample 
3b. PERCHLORIC STEP 
 
  add 1ml of 1.5N HCl 
 
  retrieve a clean 22 mL elbow still beaker 
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transfer sample to 22 mL elbow still beaker (keep original garnet beaker in  
cubby for later use) 
 
  add 2mL of perchloric acid 
 
  
ultrasonicate beaker 5 min, leave capped for 50 min. on hot plate,  
ultrasonicate 5 min. again after 
 
  attach beaker to elbow still and put in the evapoclean unit at 150 C, note time 
 
  
when the sample is dry and all the liquid is in the other beaker, take the sample 
out of the evapoclean unit (this will take at least 12 hours), note date and time,  
beware static 
 
  
label 22 mL beaker "sample name- leach  Perch and HNO3", use this beaker to  
decant all remaining leach steps 
 
  add 1ml 1.5N HCl, ultrasonicate for 1 min 
 
  
transfer sample back into original beaker (saved in cubby earlier), decant HCl 
into  
leachate beaker 
 
  add 0.5ml 1.5N HCl again, ultrasonicate for 1 min, decant into leachate beaker 
 
  add 1 ml MQ water, ultrasonicate for 1 min, decant into leachate beaker 
 
  put open beaker on hotplate and dry down the sample 
3c. NITRIC STEP 
 
  add 2ml of 7N nitric to sample 
 
  put on hotplate at 120 C, covered for total of 180 minutes (note start time) 
 
  remove and ultrasonicate for 5 minutes, after every ~60 minutes (check for each) 
 
  remove from heat, uncap, and decant nitric into leachate beaker (note time) 
 
  add 1 ml 1.5N HCl, ultrasonicate for 1 min, decant into leachate beaker 
 
  add 0.5ml 1.5N HCl again, ultrasonicate for 1 min, decant into leachate beaker 
 
  add 1 ml MQ water, ultrasonicate for 1 min, decant into leachate beaker 
 
  put open beaker on hotplate and dry down the sample 
3d. OPTIONAL AQUA REGIA STEP 
 
  add 2mL 6N HCl + 500uL concentrated nitric 
 
  ultrasonicate for 5 minutes 
 
  put on hotplate at 120°C, covered for 50 minutes (note start time) 
 
  
remove from heat and ultrasonicate for 5 minutes, decant aqua regia into  
leachate beaker (note time) 
 
  add 1mL 1.5N HCl, ultrasonicate, decant to leachate beaker B 
 
  add 0.5mL 1.5N HCl again, ultrasonicate, decant to leachate beaker B 
 
  add 1mL MQ water, ultrasonicate, decant to leachate beaker B 
4. FINAL WEIGHTS/STEPS 
 
  weight of sample ready for full dissolution (if large enough to reweigh, if not skip) 
 
  
dry down beaker(s) containing combined leachates from HF and later steps  
(takes almost a full day) 
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Table A.1: Electron microprobe and tabletop SEM analyses for test garnet 
to determine reproducibility  
Boxes shaded grey were either not measured or discarded for poor cation totals.  
The electron microprobe analyses were normalized to twelve oxygen, while the 
SEM analyses were normalized to three silicon. 
 
Townshend Dam Grain 1 
      Electron Microprobe Tabletop SEM 
   Core Midway Rim Avg.   1a 1b 1c Avg. 
 Al 2.06 2.06 2.07 2.06 Al 1.35 2.16 2.17 2.16 
 Ca 0.35 0.34 0.49 0.39 Ca 0.40 0.61 0.46 0.54 
 Cr 0.00 0.00 0.00 0.00 Cr         
 Fe 2.32 2.32 2.16 2.27 Fe 1.67 2.12 2.56 2.34 
 K 0.00 0.00 0.00 0.00 K         
 Mg 0.28 0.29 0.24 0.27 Mg 0.17 0.33 0.29 0.31 
 Mn 0.01 0.01 0.03 0.02 Mn 0.04 0.00 0.00 0.00 
 Si 2.98 2.97 2.99 2.98 Si 3.00 3.00 3.00 3.00 
 Ti 0.00 0.00 0.00 0.00 Ti         
 O 12.00 12.00 12.00 12.00 O 16.68 18.26 16.82 17.54 
 
           End-Member Compositions 
     Microprobe Avg. Microprobe Rim SEM Avg. 
   Fe 2.27 2.16 2.34 
   Mg 0.27 0.24 0.31 
   Mn 0.02 0.03 0.00 
   Ca 0.39 0.49 0.54 
   Total 2.94 2.92 3.18 
     
   Almandine 77.03 74.18 73.48 
   Pyrope 9.11 8.06 9.64 
   Spessartine 0.61 1.00 0.00 
   Grossular 13.25 16.76 16.88 
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           Townshend Dam Grain 2 
      Electron Microprobe Tabletop SEM 
   Core Midway Rim Avg.   1a 1b 1c Avg. 
 Al 2.03 2.05 2.04 2.04 Al 1.71 1.65 2.22 2.22 
 Ca 0.44 0.38 0.39 0.40 Ca 0.48 0.54 0.34 0.34 
 Cr 0.00 0.00 0.00 0.00 Cr         
 Fe 1.82 1.86 1.86 1.85 Fe 2.52 2.23 1.21 1.21 
 K 0.00 0.00 0.00 0.00 K         
 Mg 0.26 0.30 0.30 0.29 Mg 0.15 0.04 0.36 0.36 
 Mn 0.45 0.44 0.42 0.44 Mn 0.93 0.96 0.81 0.81 
 Si 2.99 2.98 2.99 2.98 Si 3.00 3.00 3.00 3.00 
 Ti 0.00 0.00 0.00 0.00 Ti         
 O 12.00 12.00 12.00 12.00 O 19.85 19.40 16.84 16.84 
 
      
    
   End-Member Compositions 
     Microprobe Avg. Microprobe Rim SEM Avg. 
   Fe 1.85 1.86 1.21 
   Mg 0.29 0.30 0.36 
   Mn 0.44 0.42 0.81 
   Ca 0.40 0.39 0.34 
   Total 2.97 2.97 2.73 
     
   Almandine 62.13 62.69 44.32 
   Pyrope 9.66 10.00 13.26 
   Spessartine 14.66 14.18 29.79 
   Grossular 13.55 13.13 12.62 
   
           Townshend Dam Grain 3 
      Electron Microprobe Tabletop SEM 
  Core Midway Rim Avg.   1a 1b 1c 1d Avg 
Al 2.05 2.05 2.04 2.05 Al 2.13 2.00 1.92 1.99 1.97 
Ca 0.37 0.36 0.32 0.35 Ca 0.30 0.47 0.33 0.45 0.42 
Cr 0.00 0.00 0.00 0.00 Cr           
Fe 1.84 1.84 1.78 1.82 Fe 0.95 1.65 1.27 1.71 1.54 
K 0.00 0.00 0.00 0.00 K           
Mg 0.28 0.29 0.30 0.29 Mg 0.29 0.17 0.17 0.21 0.18 
Mn 0.48 0.48 0.57 0.51 Mn 0.60 0.83 0.87 0.88 0.86 
Si 2.97 2.97 2.98 2.97 Si 3.00 3.00 3.00 3.00 3.00 
Ti 0.00 0.00 0.00 0.00 Ti           
O 12.00 12.00 12.00 12.00 O 17.36 19.33 18.02 19.86 19.07 
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End-Member Compositions 
   
  Microprobe Avg. Microprobe Rim 
SEM 
Avg. 
   Fe 1.82 1.78 1.54 
   Mg 0.29 0.30 0.18 
   Mn 0.51 0.57 0.86 
   Ca 0.35 0.32 0.42 
   Total 2.97 2.97 3.00 
     
   Almandine 61.29 59.98 51.33 
   Pyrope 9.72 9.96 6.14 
   Spessartine 17.15 19.25 28.65 
   Grossular 11.84 10.80 13.88 
              
           Hampton Beach Red Grain 1 
      Electron Microprobe Tabletop SEM 
    Core Midway Rim Avg.   1a 1b Avg 
  Al 2.02 2.06 2.08 2.05 Al 1.64 2.00 2.00 
  Ca 0.08 0.11 0.05 0.08 Ca 0.08 0.08 0.08 
  Cr 0.00 0.00 0.00 0.00 Cr       
  Fe 2.12 2.08 2.11 2.10 Fe 1.85 2.10 2.10 
  K 0.00 0.00 0.00 0.00 K       
  Mg 0.17 0.18 0.18 0.18 Mg 0.13 0.39 0.39 
  Mn 0.67 0.64 0.67 0.66 Mn 0.71 0.51 0.51 
  Si 2.95 2.95 2.94 2.95 Si 3.00 3.00 3.00 
  Ti 0.02 0.00 0.00 0.01 Ti       
  O 12.00 12.00 12.00 12.00 O 12.04 14.84 14.84 
  
           End-Member Compositions 
     Microprobe Avg. Microprobe Rim SEM Avg. 
   Fe 2.10 2.11 2.10 
   Mg 0.18 0.18 0.39 
   Mn 0.66 0.67 0.51 
   Ca 0.08 0.05 0.08 
   Total 3.02 3.01 3.08 
     
   Almandine 69.72 70.24 68.08 
   Pyrope 5.82 5.88 12.80 
   Spessartine 21.86 22.26 16.67 
   Grossular 2.61 1.62 2.46 
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           Hampton Beach Red Grain 2 
      Electron Microprobe Tabletop SEM 
    Core Midway Rim Avg.   2a 2b Avg 
  Al 2.03 1.99 2.03 2.02 Al 2.04 1.88 1.96 
  Ca 0.08 0.08 0.08 0.08 Ca 0.10 0.21 0.16 
  Cr 0.00 0.00 0.00 0.00 Cr       
  Fe 1.45 1.42 1.46 1.44 Fe 1.42 1.53 1.47 
  K 0.00 0.00 0.00 0.00 K       
  Mg 0.05 0.18 0.05 0.09 Mg 0.04 0.08 0.06 
  Mn 1.42 1.38 1.42 1.41 Mn 1.69 1.56 1.62 
  Si 2.96 2.96 2.96 2.96 Si 3.00 3.00 3.00 
  Ti 0.01 0.01 0.01 0.01 Ti       
  O 12.00 12.00 12.00 12.00 O 14.73 13.59 14.16 
  
           End-Member Compositions 
     Microprobe Avg. Microprobe Rim SEM Avg. 
   Fe 1.44 1.46 1.47 
   Mg 0.09 0.05 0.06 
   Mn 1.41 1.42 1.62 
   Ca 0.08 0.08 0.16 
   Total 3.02 3.01 3.32 
     
   Almandine 47.75 48.42 44.44 
   Pyrope 3.04 1.57 1.91 
   Spessartine 46.55 47.29 48.96 
   Grossular 2.66 2.71 4.69 
   
           Hampton Beach Red Grain 3 
      Electron Microprobe Tabletop SEM 
    Core Midway Rim Avg.   3a 3b Avg. 
  Al 2.03 2.03 2.06 2.04 Al 2.00 2.15 2.00 
  Ca 0.16 0.16 0.16 0.16 Ca 0.25 0.29 0.25 
  Cr 0.00 0.00 0.00 0.00 Cr       
  Fe 2.23 2.24 2.20 2.22 Fe 2.12 2.68 2.12 
  K 0.00 0.00 0.00 0.00 K       
  Mg 0.14 0.14 0.13 0.14 Mg 0.20 0.20 0.20 
  Mn 0.51 0.52 0.53 0.52 Mn 0.62 0.39 0.62 
  Si 2.96 2.95 2.95 2.95 Si 3.00 3.00 3.00 
  Ti 0.00 0.00 0.00 0.00 Ti       
  O 12.00 12.00 12.00 12.00 O 19.46 18.02 19.46 
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           End-Member Compositions 
     Microprobe Avg. Microprobe Rim SEM Avg. 
   Fe 2.22 2.20 2.12 
   Mg 0.14 0.13 0.20 
   Mn 0.52 0.53 0.62 
   Ca 0.16 0.16 0.25 
   Total 3.04 3.02 3.19 
     
   Almandine 73.19 72.84 66.52 
   Pyrope 4.47 4.42 6.16 
   Spessartine 17.14 17.61 19.51 
   Grossular 5.20 5.13 7.81 
              
           Hampton Beach Pink Grain 1 
      Electron Microprobe Tabletop SEM 
     Core Midway Rim Avg.   1a Avg. 
   Al 2.07 2.07 2.06 2.07 Al 1.91 1.91 
   Ca 0.04 0.04 0.03 0.04 Ca 0.07 0.07 
   Cr 0.00 0.00 0.00 0.00 Cr     
   Fe 2.38 2.38 2.46 2.40 Fe 2.33 2.33 
   K 0.00 0.00 0.00 0.00 K     
   Mg 0.34 0.32 0.32 0.33 Mg 0.31 0.31 
   Mn 0.21 0.21 0.20 0.21 Mn 0.22 0.22 
   Si 2.96 2.97 2.95 2.96 Si 3.00 3.00 
   Ti 0.00 0.00 0.00 0.00 Ti     
   O 12.00 12.00 12.00 12.00 O 15.38 15.38 
   
           End-Member Compositions 
     Microprobe Avg. Microprobe Rim SEM Avg. 
   Fe 2.40 2.46 2.33 
   Mg 0.33 0.32 0.31 
   Mn 0.21 0.20 0.22 
   Ca 0.04 0.03 0.07 
   Total 2.97 3.00 2.93 
     
   Almandine 80.86 81.95 79.48 
   Pyrope 10.94 10.64 10.62 
   Spessartine 6.97 6.57 7.53 
   Grossular 1.22 0.84 2.38 
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           Hampton Beach Pink Grain 2 
      Electron Microprobe Tabletop SEM 
    Core Midway Rim Avg.   2a 2b Avg. 
  Al 2.08 2.07 2.06 2.07 Al 1.76 1.00 1.76 
  Ca 0.07 0.07 0.06 0.06 Ca 0.12 0.03 0.12 
  Cr 0.00 0.00 0.00 0.00 Cr       
  Fe 2.30 2.27 2.30 2.29 Fe 2.12 0.84 2.12 
  K 0.00 0.00 0.00 0.00 K       
  Mg 0.36 0.36 0.34 0.35 Mg 0.17 0.10 0.17 
  Mn 0.27 0.27 0.31 0.28 Mn 0.40 0.21 0.40 
  Si 2.94 2.97 2.95 2.95 Si 3.00 3.00 3.00 
  Ti 0.00 0.00 0.00 0.00 Ti       
  O 12.00 12.00 12.00 12.00 O 17.37 13.86 17.37 
  
           End-Member Compositions 
     Microprobe Avg. Microprobe Rim SEM Avg. 
   Fe 2.29 2.30 2.12 
   Mg 0.35 0.34 0.17 
   Mn 0.28 0.31 0.40 
   Ca 0.06 0.06 0.12 
   Total 2.99 3.01 2.81 
     
   Almandine 76.57 76.35 75.64 
   Pyrope 11.80 11.39 5.96 
   Spessartine 9.48 10.42 14.13 
   Grossular 2.15 1.84 4.27 
   
           Hampton Beach Orange Grain 1 
      Electron Microprobe Tabletop SEM 
    Core Midway Rim Avg.   1a 1b Avg. 
  Al 2.08 2.04 2.07 2.06 Al 2.16 1.96 2.06 
  Ca 0.06 0.06 0.06 0.06 Ca 0.05 0.12 0.08 
  Cr 0.00 0.00 0.00 0.00 Cr       
  Fe 1.96 1.91 1.94 1.94 Fe 1.93 2.21 2.07 
  K 0.00 0.00 0.00 0.00 K       
  Mg 0.12 0.11 0.12 0.12 Mg 0.22 0.12 0.17 
  Mn 0.85 0.84 0.86 0.85 Mn 0.78 0.95 0.87 
  Si 2.95 3.01 2.96 2.97 Si 3.00 3.00 3.00 
  Ti 0.00 0.00 0.00 0.00 Ti       
  O 12.00 12.00 12.00 12.00 O 18.59 19.20 18.90 
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           End-Member Compositions 
     Microprobe Avg. Microprobe Rim SEM Avg. 
   Fe 1.94 1.94 2.07 
   Mg 0.12 0.12 0.17 
   Mn 0.85 0.86 0.87 
   Ca 0.06 0.06 0.08 
   Total 2.96 2.98 3.19 
     
   Almandine 65.37 65.13 64.98 
   Pyrope 3.90 3.92 5.25 
   Spessartine 28.73 28.97 27.15 
   Grossular 2.00 1.98 2.61 
              
           Hampton Beach Orange Grain 2 
      Electron Microprobe Tabletop SEM 
    Core Midway Rim Avg.   2a 2b Avg. 
  Al 2.06 2.14 2.13 2.11 Al 2.04 1.76 1.90 
  Ca 0.00 0.00 0.00 0.00 Ca 0.00 0.00 0.00 
  Cr 0.04 0.00 0.00 0.01 Cr       
  Fe 1.77 1.81 1.82 1.80 Fe 2.01 2.29 2.15 
  K 0.00 0.00 0.00 0.00 K       
  Mg 0.21 0.06 0.06 0.11 Mg 0.14 0.03 0.09 
  Mn 1.08 1.09 1.07 1.08 Mn 1.10 1.26 1.18 
  Si 2.89 2.92 2.92 2.91 Si 3.00 3.00 3.00 
  Ti 0.00 0.00 0.00 0.00 Ti       
  O 12.00 12.00 12.00 12.00 O 21.81 21.10 21.45 
  
           End-Member Compositions 
     Microprobe Avg. Microprobe Rim SEM Avg. 
   Fe 1.80 1.82 2.15 
   Mg 0.11 0.06 0.09 
   Mn 1.08 1.07 1.18 
   Ca 0.00 0.00 0.00 
   Total 2.99 2.95 3.41 
     
   Almandine 60.12 61.61 62.98 
   Pyrope 3.77 2.05 2.50 
   Spessartine 36.12 36.34 34.52 
   Grossular 0.00 0.00 0.00 
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           Hampton Beach Orange Grain 3 
      Electron Microprobe Tabletop SEM 
    Core Midway Rim Avg.   3a 3b Avg. 
  Al 2.03 2.04 2.05 2.04 Al 1.99 2.12 2.05 
  Ca 0.63 0.64 0.63 0.63 Ca 0.88 0.68 0.78 
  Cr 0.00 0.00 0.00 0.00 Cr       
  Fe 1.10 1.12 1.12 1.11 Fe 0.99 1.24 1.11 
  K 0.00 0.00 0.00 0.00 K       
  Mg 0.11 0.11 0.12 0.11 Mg 0.13 0.20 0.17 
  Mn 1.03 1.05 1.05 1.04 Mn 1.11 0.93 1.02 
  Si 3.04 3.01 3.00 3.02 Si 3.00 3.00 3.00 
  Ti 0.00 0.00 0.00 0.00 Ti       
  O 12.00 12.00 12.00 12.00 O 13.12 20.98 17.05 
  
           End-Member Compositions 
     Microprobe Avg. Microprobe Rim SEM Avg. 
   Fe 1.11 1.12 1.11 
   Mg 0.11 0.12 0.17 
   Mn 1.04 1.05 1.02 
   Ca 0.63 0.63 0.78 
   Total 2.90 2.91 3.08 
     
   Almandine 38.39 38.48 36.21 
   Pyrope 3.93 3.96 5.38 
   Spessartine 35.92 36.04 33.04 
   Grossular 21.75 21.52 25.37 
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Figure A.3: Ternary diagram comparing major element chemistry analyzed 
by tabletop SEM and electron microprobe.   
Results from surface analysis on a tabletop SEM and polished central section 
analysis by electron microprobe on the same grains yield broadly similar patterns 
and general agreement between most points.  The Townshend Dam grains are 
the notable exception. However, these grains were analyzed by tabletop SEM 
without a pre-rinse procedure and may have been negatively impacted by a 
known surface coat.  Even in the worst case, the values differ by no more than 
15% allowing for broad characterization of chemical trends and the major end-
member component. 
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Figure A.4: Comparison of major element chemistry by tabletop SEM and 
electron microprobe.   
Measurements from the same grains on the microprobe and on the tabletop SEM 
are plotted for direct comparison.  If the measured chemistry were identical by 
both methods, the points would fall on the blue 1:1 lines shown on each plot.  
The lines of best-fit and related R2 values are also plotted for each of the four 
major elements.  Mg shows the greatest amount of scatter, and is the least 
reproducible between methods.  Mn, Mg, and Ca all appear relatively linear.  
However, Ca may be measuring high on the tabletop SEM, as the points are 
being consistently pulled above the 1:1 line. 
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Figure A.5: Lab setup for perchloric dissolution and column chemistry   
These photographs document the proper procedural laboratory setup for the 
perchloric step of partial dissolutions (Panel A), iron cleanup columns (Panel B), 
TRU-Spec columns (Panel C), and MLA columns (Panel D).
 
A B 
C
A 
D
A 
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Figure A.6: Sample sheet for full dissolution, aliquoting, and spiking.  
Worksheet used to record full dissolution, aliquot, and spiking procedures. 
 
SAMPLE:     
       User:   
 
Sr (ppm)     
 
Sm (ppm)   
DATE:   
 
Rb (ppm)     
 
Nd (ppm)   
Initial beaker 
weight:   grams Ca (ppm)     
 
42
Ca/
44
Ca   
beaker + samp wt:   grams 
87
Rb/
86
Sr     
 
147
Sm/
144
Nd   
NET rock weight:   grams 
87
Sr/
86
Sr     
 
143
Nd/
144
Nd   
NET rock weight:   milligrams 
      
          Dissolution   HF HNO3 HCl HClO4  
Other:   
Acid(s) used and amounts:           
                       
Notes:                   
  
           
           
           
           
                             
          Aliquot #1 DATE:     SPIKE  
bkr   g Name:   
 
  
 
   
sample+bkr   g bkr   
 
  
 
   
TOTAL sample   g spike+bkr   
 
  
 
   
bkr   g TOT spike   
 
  
 
   
aliquot #1+bkr   g 
      
 
TOTAL aliq #1   g 
      
 
conv. factor   mg rock/g 
     
 
Aliq #1 rock equiv.   mg rock               
NET rock weight remaining:  ______________ mg rock 
    Aliquot #2 DATE:     SPIKE   
bkr   g Name:   
 
  
 
  
 sample+bkr   g bkr   
 
  
 
  
 TOTAL sample   g spike+bkr   
 
  
 
  
 bkr   g TOT spike   
 
  
 
  
 aliquot #2+bkr   g 
       TOTAL aliq #2   g 
       conv. factor   mg rock/g 
      Aliq #2 rock equiv.   mg rock              
NET rock weight remaining:  ______________ mg rock 
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Figure A.7: Iron cleanup column worksheet  
 
Example worksheet outlining the steps involved in preparing and running iron 
cleanup columns for excess iron removal. 
 
 
Fe Clean Up Columns           (updated by KAM 05/17/2016) 
1 
Retrieve column from storage vessel.  Empty storage HCl in the columns back into the 
storage container and rinse column in MilliQ water. 
2 
Fill the reservoir with MilliQ water.  Cover the top of the reservoir with your thumb and  
carefully apply pressure to force air bubbles through. 
3 
If bubbles remain, flick the tip of the column until all bubbles have been evacuated.   
Do NOT allow bubbles to remain in the column. 
4 
Add clean AG50w x4 resin (cleaned in HCl, suspended in MQ water) from your assigned  
squirt bottle to each column. Shake vigorously before adding! 
5 
Let the resin settle (Do not pack or agitate) until resin comes approximately 0.8 cm up  
reservoir to allow for compaction. 
      
 
User:   Sample:           
 
Date:   Column #: 1 2 3 4 5 6 
6 CLEAN 8.0 mL 6.0N HCl    
    
7 CONDITION 3.0 mL 1.5N HCl    
    
8 Pipette out resin until even with reservoir base (use more 1.5N HCl as needed) 
9 LOAD SAMPLE* 1.0 mL 1.5N HCl           
10 WASH* 1.5 mL 1.5N HCl  
      
11 RINSE 4.5 mL 1.5N HCl  
      
 
Check to be sure solution is no longer yellow (use more 1.5N HCl as needed until clear) 
12 Change beakers before collecting 
13 COLLECT 4 mL 6.0N HCl         
 
* centrifuge before loading 
   
      
 
Cleanup: 
    
1 
Cap the collected samples or move to hot plate to dry down for next column.  
(For upcoming Truspec- dry down and bring back up in 500µL of 2N nitric.) 
2 Dispose of all waste from waste beakers in the proper waste stream. 
3 Allow columns to dry down overnight.  Dispose of dried columns in the trash the next day. 
4 Wipe down your work area and put away the column stand(s). 
 
      
 
Making new iron columns to replace the ones you used: 
 1 Cut a new column to a length of 13.5 cm from the reservoir base to the tip. 
2 
Insert an Fe column frit that has been soaking in milliQ so that the distance from  
reservoir base to the frit bottom is exactly 13 cm 
3 Double check column to make sure frit appears straight and secure. 
4 Soak in storage container with HCl for at least 24 hours prior to use. 
 
  
231 
Figure A.8: TRU-Spec column worksheet   
Example worksheet outlining the steps involved in preparing and running TRU-
Spec columns for REE separation. 
 
TRU-Spec columns       (updated by KAM on 5/09/2016) 
1 Retrieve columns from your storage vessel. 
2 
Dump storage acid back into storage vessel and rinse each column several times in  
MilliQ water. 
3 
Turn the column upside down and squirt MilliQ water through bottom of frit to fill column,  
until dripping into sink. 
4 
Quickly flip column and add MilliQ water to the reservoir. Make sure there are NO 
bubbles in the column before placing on a column rack over a waste beaker. 
5 
Add TRU-Spec resin from your squirt bottle into the reservoir.  Vigorously shake bottle  
before adding! (Rinse TRU-spec resin well before first use, at least 3-5 times) 
6 
Let the resin settle until resin top comes to base of reservoir.  Do not pack or agitate.   
Adjust the resin height if needed and remove excess water. 
 
User: Sample:             
 
DATE: Column #: 1 2 3 4 5 6 
7 CLEAN 4 mL MilliQ Water 
 
     
8 CLEAN 4 mL 0.05N Nitric 
 
     
9 CONDITION 4 mL 2N Nitric 
 
     
10 LOAD SAMPLE* 500 uL 2N Nitric 
 
     
 
Wash 100 uL 2N Nitric 
 
     
 
Wash 100 uL 2N Nitric 
 
     
 
Wash 100 uL 2N Nitric 
 
     
11 RINSE 3.5 mL 2N Nitric 
 
     
 
change beakers before collecting sample 
12 COLLECT 3.0 mL 0.05N Nitric        
 
Clean-up: 
13 Cap sample or move to hot plate to dry down for the next column (see below). 
14 
Turn the finished columns upside down and use add MilliQ water to the bottom of the frit 
until all resin is out of the column. Rinse thoroughly with MilliQ at least twice. 
15 
Return the clean column to the storage vessel.  The storage vessel can be periodically  
ultrasonicated to help make sure all resin is free from the column frits. 
16 Dispose of waste from your waste beaker in the appropriate waste stream. 
17 Wipe down your work area and put away column rack(s). 
 
Drying Down for MLA columns: 
1 
Place uncapped beakers on hot plate to begin drying down but DO NOT allow them to 
dry down completely as samples will not go back into solution. 
2 
Once the remaining drop reaches roughly the size of the "o" and no longer easily rolls 
along the bottom of the beaker when tapped, add 50 μL of 0.75 N HCl. 
3 Repeat this step at least once, dry down to a small dot and bring up in 50 μL 0.75N HCl. 
4 The previous step can be repeated as desired to be sure all nitric is replaced by HCl. 
5 Solution should end in 100μL of 0.75N to be ready for loading on MLA columns. 
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Figure A.9: MLA column worksheet  
Example worksheet outlining the steps involved in preparing and running MLA 
columns for Nd and Sm separation.  This is a generalized worksheet that must 
be calibrated for each new batch of MLA.  Once the batch is calibrated, indicate 
the batch number at the top of the sheet and fill in the acid volumes for steps 10 
to 13. 
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MLA Columns (updated by KAM on 05/10/2016 for MLA Bottle #____) 
1 
Insert frits into column so that the bottom of the frit is 294 mm below the base of the  
reservoir. 
2 Fill column and most of reservoir with MilliQ water (no bubbles!) 
3 
Add AG50w x4 resin from bottle into reservoir - add more than needed to account for  
shrinkage during conditioning.  Resin pile should measure 1.3 cm in diameter. 
4 Let resin settle then pipette off any excess MilliQ water. 
5 
Shake MLA vigorously.  Pour MLA acid into a clean beaker for each sample.   
Use this MLA for each sample and do not mix MLA between samples. 
 
  
Sample:       
 
DATE: Column # 1 2 3 4 
5 CONDITION 10 mL 0.2M MLA 
 
   
6 Adjust the resin until resin pile at bottom of reservoir is 0.8 cm in diameter 
7   100 uL MilliQ water          
8 LOAD SAMPLE 100 uL 0.75N HCl 
 
   
 
† 100 uL 0.75N HCl 
 
   
9 WASH 1 100 uL 0.2M MLA 
 
   
 
WASH 2 100 uL 0.2M MLA 
 
   
10 RINSE       mL 0.2M MLA 
 
   
 
  change beaker 
11 COLLECT Sm       mL 0.2M MLA      
  
change beaker 
12 RINSE       mL 0.2M MLA      
  
change beaker 
13 COLLECT Nd      mL 0.2M MLA      
 
† put the acid in the sample beaker and load it as carefully as if it still had sample in it 
 
Dry down and Preparing to load TIMS: 
12 Dry down Sm and Nd cuts hard **OVERNIGHT**.  They must be completely dry! 
13 Add 150 μL of 7N nitric and 150 μL of 6N HCl.  Leave capped on hot plate for 2-3 hours. 
14 After 2-3 hours capped, remove the cap and dry down the samples. 
15 Samples spiked BEFORE columns: Bring up in 50 µL conc. nitric.  Dry down. 
16 
Samples to be spiked AFTER columns: Bring up in 200 µL concentrated nitric.   
Follow spiking procedures.  Dry down and ready for TIMS. 
 
Clean-Up of MLA columns: 
1 
Gather the length of clear tubing from near the sink and a pipette.  Fill pipette tip with   
MilliQ water and attach hose to pipette and bottom of column. 
2 
Invert the MLA column over a waste beaker in the sink.  Discharge pipette so that MilliQ  
forces the resin out of the column into waste beaker. 
3 Use Teflon "snake" to remove the frits from the MLA columns.  Discard the used frits. 
4 Rinse the MLA columns at least twice in MilliQ water and return to the storage tray. 
5 
Discard of waste in the appropriate waste stream, wipe down your area, and put away  
column rack(s). 
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Table A.2: All analytical blanks run by K. Maneiro during dissertation 
research 
This table provides a database of all blanks run over the course of K. Maneiro’s 
dissertation research.  It includes three column blanks (Fe column, TRU-spec 
column, MLA column) as well as reagent and single column blanks.  The blank 
values are used to calculate the blank parameters used during blank correction 
for small samples.  Dark horizontal lines denote changes in MLA batch, which is 
a controlling factor on the magnitude of the three column blanks. 
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APPENDIX B: Detrital garnet tests at Townshend Dam, Vermont 
This appendix provides documentation for two of the early proof-of-
concept tests involved in development of the detrital garnet geochronometer 
presented in Appendix A.  The first test used in situ garnet from Townshend 
Dam, Vermont, to date a single large garnet using both the traditional bulk garnet 
and new detrital garnet methods for Sm-Nd garnet geochronology.  The second 
test presented here are the first attempts at dating single grains of detrital garnet.  
The attempts in the second test were a joint effort by Nora (Sullivan) Dragovic 
and K. Maneiro, and many of the results for the single grain ages completed by 
N. Dragovic were presented in an abstract and poster at Goldschmidt in 2010 
(Baxter et al., 2010).   
B.1 Sample locations and known age for both tests  
The single, large in situ garnet used in the first test was collected from 
rocks exposed 130 m southeast of the spillway wall for Townshend Dam in 
Vermont.  Sample TD09-14a was collected for use in an extensive quantitative 
study of metamorphic chemical equilibrium involving Sm-Nd analysis of 
concentric zones in ten large garnets and two smaller bulk garnet samples 
(Gatewood et al., 2015).  The garnet comes from a pelitic schist of the Pinney 
Hollow formation (Doll et al., 1961) and most garnet grains from this sample are 
large (1-3 cm) and euhedral, providing enough material for multiple age attempts 
from a single large garnet.  Additional details about the sample mineralogy and 
structural textures are described by Gatewood et al. (2015).   
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The two detrital samples used in the second test were collected by Ethan 
Baxter and his undergraduate student, Michelle Jordan, from small streams 
draining a garnet-rich catchment area of the same rocks exposed in the 
Townshend Dam spillway.  The garnet grains are large (2-3 mm) and euhedral, 
making identification of garnet straightforward and providing a good test sample 
for single grain age attempts by maximizing the starting sample size.  Sample 
08JVT-1A was collected at N 43° 02.528’, W 072° 41.623’ just west of the 
Townshend State Park entrance in a streambed upstream from the access road.  
Sample 08JVT-2A was collected at N 43° 02.745’, W 072° 42.154’.  The second 
sampling location was further upstream than the first location and more removed 
from potential sources of contamination, such as the access road and campsite. 
Samples from near Townshend Dam of both detrital and in situ 
metamorphic garnet were utilized for early method development because the 
geology of this area have been well characterized by previous studies (e.g. 
Rosenfeld, 1970; Kohn and Spear, 1990; Chamberlain and Conrad, 1993; Kohn 
and Valley, 1994), and garnet geochronology has established the timing of 
garnet growth (e.g. Baxter et al., 2002; Christensen et al., 1989; Gatewood et al., 
2015).  These samples provide a sample of known age for comparison with ages 
obtained using the new detrital garnet geochronology method.   
The garnet is Devonian and grew during the Acadian Orogeny (390-360 
Ma), which resulted from the collision of Laurentia and the Avalon terrane 
(Tucker et al., 2001).  The garnet in Townshend Dam rocks have been the 
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subject of prior garnet geochronology studies.  Christensen et al., (1989) used 
Rb-Sr to establish that the garnet grew over an interval of 10.5 ± 4.5 Myr around 
380 Ma.  Baxter et al. (2002) confirmed the prior age determination with three 
age attempts giving an average age of 381 Ma.  The best constraints on the 
garnet age come from sample TD09-14a, also used in the first test presented 
here.  Gatewood et al. (2015) calculated ages of 380.3 ± 2.0 Ma for garnet cores, 
377.3 ± 1.4 Ma for garnet mantles, and 376.5 ± 1.0 Ma for garnet rims.  Despite 
multiple orogenic events impacting New England, these samples reflect growth 
during a single metamorphic event. 
B.2 Direct comparison of garnet geochronology methods 
A single large garnet from Townshend Dam, Vermont, was selected for a 
test of direct comparison between traditional bulk garnet geochronology (garnet + 
whole rock) and detrital garnet geochronology (garnet + leached inclusions) in 
the same sample with a known garnet age.  This test sought to demonstrate that 
both methods produce the same result as long as appropriate care is taken 
during sample selection and preparation and that the result matches prior age 
determinations. 
B.2.1 Methodology for bulk garnet vs. detrital garnet ages 
The core from a single, large in situ metamorphic garnet from sample 
TD09-14a1 was crushed into sand-size fragments using a tungsten carbide 
mortar and pestle.  Three large fragments were selected by handpicking and 
dated individually using an early iteration of the detrital garnet geochronology 
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methodology presented in Appendix A.  The remaining garnet was crushed and 
sieved to 100-200 mesh and dated as a bulk garnet analysis.  A whole rock 
analysis of the same sample was provided by Besim Dragovic for use in bulk 
garnet age determination and crushed garnet that passed through the 200 mesh 
sieve into the pan was dissolved as a powder analysis. 
 For the three detrital attempts, the grains were individually crushed and 
then went through a partial dissolution procedure.  During partial dissolution, 
garnet D1 was exposed to HF for 60 minutes, and garnets D2 and D3 were 
exposed to HF for 90 minutes.  Standard procedures were followed for 
perchloric, nitric acid, and aqua regia partial dissolution steps and for full 
dissolution of all three attempts.  The only variation from Appendix A for partial 
and full dissolution was that during early attempts the acid volume was doubled 
in some steps from what is currently used.  Column chemistry and TIMS analysis 
followed the standardized procedure presented in Appendix A for all trials.  No 
blank correction procedure was utilized for these samples, and offline corrections 
for Pr and Sm on NdO were included in the final isotope ratio determination.  For 
the bulk garnet analysis, the crushed garnet went through partial dissolution 
using HF for 60 minutes, followed by perchloric and nitric steps.  Instead of aqua 
regia the bulk garnet partial dissolution was exposed to 2 mL of concentrated 
sulfuric acid to match the dissolution procedure used by Gatewood et al. (2015).  
Full dissolution, column chemistry, and TIMS analysis for the bulk garnet and 
garnet powder were identical to the procedures used for the mock detrital grains. 
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B.2.2 Results and interpretation 
The measured 147Sm/144Nd and 143Nd/144Nd isotope ratios and associated 
errors are available for the three mock detrital attempts in Table B.1, along with 
the calculated two-point isochron ages.  Table B.1 also includes the analyses of 
the bulk garnet, a garnet poweder, and a whole rock dissolution.  External 
reproducibility for 143Nd/144Nd over the course of this study is reported as 
0.512133 ± 0.000013 (24.7 ppm, 2σ, n=190), calculated using all 4 ng in-house 
Ames NdO+ standards for the full study duration.  This long-term external 
precision was negatively impacted by cup poisoning that occurred during the 
duration of the study.  The long-term precision for the 147Sm/144Nd ratio is 
reported as better than 0.023%, based on repeat analyses of a mixed gravimetric 
normal solution with our in-house spike.  The 2σ errors for 143Nd/144Nd and 
147Sm/144Nd in Table B.1 report the higher of either the internal 2σ run precision 
or the long-term external 2σ precision. 
The isochrons for the mock detrital and the bulk garnet age attempts are 
shown in Figure B.1.  The bulk garnet age of 383.3 ± 3.5 Ma (MSWD = 0.118, n 
= 3) agrees with the established core garnet age of 380.3 ± 2.0 Ma from the 
same sample (Gatewood et al., 2015).  The very low MSWD is a result of the 
high long-term external precision for 143Nd/144Nd due to cup poisoning and the 
similarity of the whole rock and powder analyses, which should essentially be 
replicate analyses.  The detrital garnet with the highest 147Sm/144Nd (attempt 2) 
gives an age of 371 ±13 Ma and agrees with both the established age and the 
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bulk age within error, although it is a bit young.  This could be attributed to 
influence from the rim age if the entire rim was not fully removed or to garnet not 
fully cleansed of inclusions.  None of the detrital garnet age attempts gave the 
desired 147Sm/144Nd greater than 0.8, indicating that the garnet analyses are 
likely being influenced by the inclusion population, and inclusions may be 
fractionated between the garnet and the leach.   
This result reaffirms that the detrital garnet method is reliable as long as a 
sufficiently high 147Sm/144Nd is achieved for the garnet analysis.  Multiple age 
attempts may be required when working with a new sample to find an ideal 
partial dissolution recipe to separate the garnet and its inclusion population to 
result in a clean garnet analysis with high 147Sm/144Nd.   
B.3 First attempt at single grain detrital garnet ages 
Individual detrital garnet grains were selected from two stream sediment 
samples for the first attempt at detrital garnet geochronology using single, rather 
than grouped, grains.  It is important to make single grain analyses whenever 
possible for detrital garnet geochronology, because it eliminates the potential for 
age averaging and fully eliminates the need for a single sediment source 
assumption.  These samples were chosen because the stream drains a 
catchment of garnet-bearing rock units that are also exposed at Townshend Dam 
and have been well studied, allowing for comparison of detrital garnet ages with 
the established garnet age as a check for method accuracy.  This test was a part 
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of the early proof-of-concept testing and protocol development for the new 
detrital garnet geochronometer. 
B.3.1 Methodology for first single grain detrital garnet attempts 
Both samples were processed using sieves and a Frantz electromagnetic 
separator prior to handpicking to separate large garnet grains.  Six large, 
euhedral grains were selected from each sample (08JVT-1A and 08JVT-2A) and 
dated individually using an early version of the detrital garnet geochronology 
methodology presented in Appendix A.   
Once chosen, grains were individually crushed and underwent a partial 
dissolution procedure.  During partial dissolution, garnets were exposed to HF for 
15, 30, or 60 minutes for different trials.  Standard procedures were followed 
according to Appendix A for perchloric and nitric acid partial dissolution and for 
full dissolution for all attempts.  However, acid volumes were doubled for some 
steps in early trials compared to the current method provided in Appendix A.  The 
optional aqua regia step had not yet been added to the procedure for early trials 
and was only included for trials 4, 5, and 6 of 08JVT-1A.  Column chemistry and 
TIMS analysis followed the standardized procedure presented in Appendix A for 
all trials.  No blank correction procedure was utilized for these samples, and 
offline corrections for Pr and Sm on NdO+ were included.   
B.3.2 Results and interpretation 
The measured 147Sm/144Nd and 143Nd/144Nd isotope ratios and associated 
errors are available for ten of the detrital age attempts in Table B.2, along with 
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the calculated two-point isochron ages.  Two of the age attempts did not result in 
reported isotope ratios or ages as the samples were lost during clean lab 
chemistry.  External reproducibility for 143Nd/144Nd over the course of this study is 
reported as 0.512135 ± 0.000014 (27.3 ppm 2σ, n=190), calculated using all 4 ng 
in-house Ames NdO+ standards for the full study duration of the Maneiro 
attempts.  The N. Dragovic attempts occurred earlier and have a better long-term 
external precision, as they were not impacted by cup poisoning that occurred 
during the Maneiro attempts.  The long-term precision for the 147Sm/144Nd ratio is 
reported as better than 0.023%, based on repeat analyses of a mixed gravimetric 
normal solution with our in-house spike.  The 2σ errors for 143Nd/144Nd and 
147Sm/144Nd in Table B.2 report the higher of either the internal 2σ run precision 
or the long-term external 2σ precision. 
The best two-point isochron age of 388.9 ± 5.4 Ma resulting from a single 
grain attempt is shown in Figure B.2.  The rest of the attempts had 147Sm/144Nd 
for garnet analyses below 0.4, indicating that the resulting ages are potentially 
inaccurate and likely very imprecise, which is confirmed by comparison to the 
established garnet age from the source rocks of ca. 380 Ma to the calculated 
two-point ages.  The one accepted age attempt has a 147Sm/144Nd approaching 1 
and agrees with the established garnet age from the literature within error.  This 
provides additional confirmation of the method’s accuracy given a clean garnet 
analysis indicated by a high 147Sm/144Nd.  The failure of the other eleven age 
attempts can be attributed to a resistant inclusion population to the partial 
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dissolution procedure used, which lacked aqua regia or the sulfuric acid step 
used by Gatewood et al. (2015).  Additional time in HF exceeding 60 minutes 
was likely necessary, but was not recognized during the Maneiro attempts due to 
the user’s inexperience at the time.  
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Table B.1: Isotope ratios and ages for test of bulk garnet and detrital garnet 
methodologies in one single large garnet 
Results for three attempts at dating “detrital” garnet grains fragmented from a 
single, large in situ metamorphic garnet from Townshend Dam, Vermont, are 
presented.  Additional analyses of the remaining garnet (bulk garnet), the garnet 
powder, and a whole rock are also presented for use in the bulk garnet age 
determination.  The isotope ratios have undergone offline correction for Sm and 
Pr.  “Detrital” ages represent two-point isochron ages between a garnet fragment 
and the leached inclusions from that fragment.  The bulk garnet age is a three-
point isochron using the bulk garnet, powder, and whole rock analyses.  Age 
errors are reported as 2σ.  Error on 147Sm/144Nd is the internal run error or 
0.023% of the 147Sm/144Nd ratio, whichever is worse.  Error on 143Nd/144Nd is the 
internal run error or long-term reproducibility of 0.512133 ± 0.000013 (24.7 ppm 
2σ, n=190), whichever is worse. 
 
Sample 
147Sm 
144Nd 
2 sigma 
error 
143Nd 
144Nd 
2 sigma 
error 
Age 
Detrital 
attempt 1 
garnet 0.238672 0.000060 0.512276 0.000018 
431 ± 47 Ma 
leach 0.119967 0.000028 0.511941 0.000032 
Detrital 
attempt 2 
garnet 0.349024 0.000080 0.512535 0.000013 
371 ± 13 Ma 
leach 0.122301 0.000073 0.511985 0.000016 
Detrital 
attempt 3 
garnet 0.288496 0.000106 0.512485 0.000021 
472 ± 23 Ma 
leach 0.124507 0.000077 0.511978 0.000013 
Traditional 
bulk garnet 
age 
bulk garnet 0.957154 0.000220 0.514045 0.000017 
383.3 ± 3.5 Ma  
MSWD = 0.118 
powder 0.123917 0.000029 0.511952 0.000013 
whole rock 0.119737 0.000028 0.511945 0.000013 
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Figure B.1: Isochron ages for detrital and bulk garnet age comparison test 
Two-point isochrons for the three mock detrital garnet age attempts are shown, 
along with the three-point isochron used for the bulk garnet age.  Note that the 
highest 147Sm/144Nd for the detrital garnet attempts gives an age that agrees with 
the bulk age within error. 
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Table B.2: Isotope ratios and detrital garnet ages for first single grain 
attempts using stream sediment from near Townshend Dam 
Results for twelve attempts at detrital garnet ages using single grains collected 
from stream sediment near Townshend Dam, Vermont, are presented.  The 
isotope ratios have undergone offline correction for Sm and Pr.  The ages are 
two-point isochron ages between the garnet grain and the leached inclusions 
from that grain.  Two grains were lost during clean lab chemistry, resulting in no 
reported isotope data or ages.  Age errors are reported as 2σ.  Error on 
147Sm/144Nd is the internal run error or 0.023% of the 147Sm/144Nd ratio, 
whichever is worse.  For the Maneiro attempts, error on 143Nd/144Nd is the 
internal run error or long-term reproducibility of 0.512135 ± 0.000014 (27.3 ppm 
2σ, n=190), whichever is worse.  The N. Dragovic attempts have a better long-
term external precision, as they were not impacted by cup poisoning. 
Sample User 
147
Sm 
144
Nd 
2 sigma 
error 
143
Nd 
144
Nd 
2 sigma 
error 
Age 
08JVT-1A 
Attempt 1 
garnet Maneiro 0.128229 0.000029 0.512006 0.000014 239 ± 
160 Ma leach Maneiro 0.110195 0.000025 0.511978 0.000014 
08JVT-1A 
Attempt 2 
garnet Maneiro 0.282771 0.000265 0.512633 0.000074 652 ± 
71 Ma leach Maneiro 0.123679 0.000028 0.511953 0.000014 
08JVT-1A 
Attempt 3 
Grain lost during clean lab chemistry - No age 
08JVT-1A 
Attempt 4 
garnet Maneiro 0.134250 0.000031 0.511960 0.000016 418 ± 
190 Ma leach Maneiro 0.117458 0.000027 0.511914 0.000014 
08JVT-1A 
Attempt 5 
garnet Maneiro 0.122603 0.000028 0.511970 0.000014 257 ± 
600 Ma leach Maneiro 0.117675 0.000027 0.511962 0.000014 
08JVT-1A 
Attempt 6 
garnet Maneiro 0.261940 0.000060 0.512463 0.000014 439 ± 
20 Ma leach Maneiro 0.114495 0.000159 0.512040 0.000014 
08JVT-2A 
Attempt 1 
garnet N. Dragovic 0.205576 0.000206 0.512208 0.000005 472 ± 
14 Ma leach N. Dragovic 0.130924 0.000131 0.511977 0.000005 
08JVT-2A 
Attempt 2 
Grain lost during clean lab chemistry - No age 
08JVT-2A 
Attempt 3 
garnet N. Dragovic 0.133199 0.000133 0.512117 0.000004 321 ± 
110 Ma leach N. Dragovic 0.125579 0.000126 0.512101 0.000004 
08JVT-2A 
Attempt 4 
garnet N. Dragovic 0.367943 0.000368 0.512600 0.000008 408.1 ± 
6.3 Ma leach N. Dragovic 0.144179 0.000144 0.512002 0.000005 
08JVT-2A 
Attempt 5 
garnet N. Dragovic 0.157223 0.000684 0.512198 0.000012 582 ± 
53 Ma leach N. Dragovic 0.121060 0.000121 0.512060 0.000004 
08JVT-2A 
Attempt 6 
garnet N. Dragovic 2.377507 0.002378 0.517748 0.000069 388.9 ± 
5.4 Ma leach N. Dragovic 0.440468 0.000440 0.512815 0.000013 
08JVT-2A 
Attempt 7 
whole 
garnet 
N. Dragovic 0.143703 0.000285 0.512187 0.000016 No age 
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Figure B.2: Isochron age for best Townshend Dam single grain detrital 
garnet age attempt and additional plotted attempts 
The two-point isochron with the greatest spread in 147Sm/144Nd is presented 
below.  Additional attempts resulting in ages that failed to meet 147Sm/144Nd 
acceptance criteria (147Sm/144Nd < 0.8) are plotted individually to demonstrate the 
difficulty in fully removing the inclusion population(s) for these two samples.   
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APPENDIX C: Scotland detrital garnet ages from a sedimentary rock 
This appendix provides methodology details, results from isotope ratio 
analysis by thermal ionization mass spectrometer (TIMS), and age results for 
detrital garnet from sedimentary rocks collected in Scotland.  These analyses 
were undertaken as a part of the proof-of-concept testing for the new detrital 
garnet geochronology method.  They also demonstrate the utility of the new 
method for dating detrital garnet preserved in sedimentary rocks and mark the 
first detrital garnet ages from sedimentary rocks not requiring a single source 
assumption. 
C.1 Sample collection and geologic setting 
Ethan Baxter and Kathryn Maneiro collected sample 11ESC-10A during a 
field excursion to Scotland in June of 2011.  The hand sample was collected from 
exposed rock outcropping along the banks of the River North Esk (Angus, 
Scotland) on a joint sampling trip with Ruth Robinson, a professor at the 
University of St. Andrews.  The sample was collected at 56° 49.917’ N, 002° 
39.727’ W, near a sign designating the location as “Major Pool.”  A field 
photograph from the sampling location is provided in Figure C.1. 
The sample selected is the coarsest-grained sandstone we were able to 
locate along the stretch of river canvassed.  The coarse grain size (2-3 mm) was 
selected to increase the chances of finding sizeable detrital garnet grains and to 
minimize the number of grains that needed to be grouped for analysis to achieve 
an appropriate starting sample size.  Sandstones are a deep red or brown color, 
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likely due to varying Fe content.  Sandstones in this area generally occur as 
lenses within a conglomeratic unit of the Devonian Old Red Sandstone.  Clasts in 
the surrounding conglomerate are rounded and include fist-sized pieces.   
C.2 Sample processing 
Four sets of grouped detrital garnet grains from sample 11ESC-10A were 
analyzed over the course of my dissertation research.  Trials 1 and 2 took place 
in March and June of 2012, with the age resulting from trial one marking my first 
successful detrital garnet age.  Trials 3 and 4 took place in April of 2016 and the 
final trial was the last age I obtained for a detrital garnet during my Ph.D.  Due to 
the timing of the two sets of trials, the sample processing procedure differed 
between trials.  Trials 1 and 2 followed early methodology protocols, while trials 3 
and 4 use the finalized detrital garnet geochronology methodology detailed in 
Appendix A.  Relevant detailed methodology differences between trials or from 
the standardized procedure presented in Appendix A are noted below. 
C.2.1 Garnet separation and preparation 
The sample was sent out to Apatite to Zircon, Inc. (now GeoSep Services) 
for crushing and processing using heavy liquids and Frantz electromagnetic 
separation to provide a garnet separate.  Individual garnet grains were selected 
from the provided garnet separate by handpicking.  Grains used in trials 1 and 2 
did not undergo any pre-rinse procedure beyond thirty minutes in acetone 
following SEM analysis to remove carbon tape residue.  Grains used in trials 3 
and 4 followed the standard pre-rinse procedure presented in Appendix A.   
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Surface analysis by environmental SEM at Woods Hole Oceanographic 
Institution followed the standard procedure in Appendix A for all four trials.  The 
major element chemistry from surface analyses was used to group grains with 
similar chemistry and when possible color.  Trial one included four dark colored 
grains with similar chemistry (D2, D3, D4, D7).  Trial two was a mixture of one 
red and two dark grains and had more variable chemistry due to limited grain 
availability at the time of selection (D6, R2, D8).  For trials three and four, 
additional grains were analyzed by SEM to provide more grain options and two 
sets of four red grains with similar chemistry were selected for analysis (Trial 3: 
5, 15, 21, 24 and Trial 4: 4, 9, 13, 28).  
C.2.2 Clean lab chemistry and TIMS analysis 
During partial dissolution, trials 1 and 2 were exposed to HF for 10 
minutes.  Trials 3 and 4 were exposed to HF for 40 minutes.  Standard 
procedures were followed for perchloric and nitric acid partial dissolution for all 
four trials.  The optional aqua regia step was omitted for all trials in an attempt to 
conserve sample.  Full dissolution, column chemistry, and TIMS analysis 
followed the standardized procedure presented in Appendix A for all trials.  No 
blank correction procedure was utilized for these samples.  Offline correction for 
Pr and Sm on NdO for all samples and correction for Gd on Sm when possible 
were utilized. 
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C.3 Major element chemistry, isotope ratios, and age results 
A ternary diagram illustrating the major element chemistry of analyzed 
grains is provided as Figure C.2.  The individual values averaged by grain are 
shown as Table C.1.   
The measured 147Sm/144Nd and 143Nd/144Nd isotope ratios and associated 
errors are available in Table C.2.  The amount of time that elapsed between 
analyses introduces increased uncertainty in the long-term external 
reproducibility of 143Nd/144Nd, as a cup change that occurred between analyses 
caused a slight shift in the long-term 143Nd/144Nd mean. External reproducibility 
for 143Nd/144Nd over the course of this study is reported as 0.512128 ± 0.000017 
(33.6 ppm, 2σ, n=271), calculated using all 4 ng in-house Ames NdO+ standards 
for the full study duration.  The long-term precision for the 147Sm/144Nd ratio is 
reported as better than 0.023%, based on repeat analyses of a mixed gravimetric 
normal solution with our in-house spike.  The 2σ errors for 143Nd/144Nd and 
147Sm/144Nd in Table C.1 report either the internal 2σ run precision or the long-
term external 2σ precision, whichever is higher.  Two-point detrital garnet 
isochron ages calculated for each garnet and leach pair are also presented in 
Table C.2.  
Of the four trials, trials one and four meet age acceptance criteria.  The 
two accepted ages are 456.1 ± 5.5 Ma (trial one) and 480 ± 17 Ma (trial four).  
Trials two and three are discarded as inaccurate since the garnet analyses have 
147Sm/144Nd ratios of less than 0.3, indicating that the inclusions have not been 
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fully removed allowing for analysis of pure garnet and that inclusion populations 
may be fractionated between the leach and garnet analyses.  147Sm/144Nd ratios 
above 0.8 for garnet analyses, and ideally above 1.0, indicate that inclusions 
have been adequately removed from the garnet and provide greater spread in 
147Sm/144Nd that increases confidence in the resulting age accuracy and 
precision. 
C.4 Discussion 
With two accepted ages, age comparison and detrital age characterization 
are limited.  The two accepted ages at 456.1 ± 5.5 Ma (trial one) and 480 ± 17 
Ma (trial four) do not overlap within error, indicating that the ages are different.  
Since the two different trials resulting in accepted ages used groupings of 
different colored grains (trial one: dark garnet and trial two: red garnet) it would 
be reasonable to interpret the age difference as the result of multiple age 
populations within the sample, as differences in garnet color are one means of 
population discrimination.  However, additional ages would be needed to confirm 
this interpretation.   
The older age of 480 ± 17 Ma easily overlaps with Sm-Nd garnet ages of 
472 ± 2 Ma and 467.7 ± 2.5 from Grampian metamorphic rocks, which is a 
potential source of sediment for the Old Red Sandstone (Oliver et al., 2000).  The 
younger age could potentially reflect growth during a later metamorphic event of 
the Caledonian Orogeny. 
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There is only one prior published attempt at dating detrital garnet from a 
sedimentary rock (Oliver et al., 2000).  The Oliver et al. (2000) detrital garnet age 
was 468.7 ± 1.5 Ma for garnet from a quartzo-feldspathic greywacke in the 
Southern Uplands of Scotland, and the age was interpreted as representative of 
the Grampian event of the Caledonian Orogeny due to age agreement with Sm-
Nd garnet ages from the Grampian Terrane.  However, the Oliver et al. (2000) 
attempt used a two-point isochron between the sedimentary whole rock and the 
garnet, requiring assumption of a single source for the sediment despite the 
presence of minerals indicative of some contamination from alternate sediment 
sources.  The two accepted ages from this study using the new detrital garnet 
geochronology method (Appendix A) mark the first successful detrital garnet 
ages from a sedimentary rock that do not require assumption of a single source 
for all sediment, since they use leached inclusions in place of the sedimentary 
whole rock.   
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Figure C.1: Field photograph for 11ESC-10A 
This photograph was taken looking along the river from the sampling location for 
11ESC-10A.  It shows the exposed outcrop along the river.  Sample 11ESC-10A 
is from a resistant sandstone unit with a relatively coarse (2-3 mm) grain size. 
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Figure C.2: Ternary diagram of major element chemistry from surface 
analyses of detrital garnet from Scotland 
Ternary plots of major element chemistry are shown with grains used in the same 
age attempt grouped by color to demonstrate similarity in grain chemistry.  
Analyses were made on grain surfaces using an environmental tabletop SEM. 
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Table C.1: Major element surface analyses for detrital garnet from Scotland 
Garnet major-element chemistry measured on uncoated, unpolished grain 
surfaces using a tabletop SEM.  The value given for the end-member represents 
the average of all analyses on a single grain, while the error is one standard 
deviation of all averaged values.  Grains without presented errors had only one 
measurement that met acceptance criteria for appropriate site assignment. 
 
  
Grain 
average 
Mg 
Mg 
1SD 
Grain 
average 
Fe 
Fe 
1SD 
Grain 
average 
Mn 
Mn 
1SD 
Grain 
average 
Ca 
Ca 
1SD 
Grain01 9.00 2.74 66.79 3.22 14.04 0.83 10.18 0.94 
Grain02 13.19 3.04 74.54 4.25 6.48 2.43 5.79 1.17 
Grain03 22.59 3.08 60.60 2.55 5.58 1.16 11.23 2.48 
Grain04 16.92 4.70 66.67 3.96 7.43 1.99 8.98 0.84 
Grain05 13.68 2.45 74.49 2.20 3.31 0.27 8.52 2.03 
Grain06 14.97 0.47 62.64 1.94 11.28 0.55 11.11 1.05 
Grain07 11.27 1.33 65.39 4.05 12.71 1.00 10.63 4.85 
Grain08 14.46 2.08 75.54 1.22 5.17 0.80 4.83 1.34 
Grain09 16.80 3.39 67.32 4.78 7.99 1.40 7.89 1.38 
Grain10 9.54 1.95 70.59 2.59 9.35 2.29 10.53 2.61 
Grain11 19.69 2.47 63.23 1.36 2.03 0.62 15.05 1.01 
Grain12 9.84 1.25 71.10 1.69 1.98 0.18 17.09 0.73 
Grain13 14.68 4.48 64.87 1.66 8.36 2.70 12.09 1.63 
Grain14 12.83 1.71 69.23 2.76 4.15 1.06 13.79 3.07 
Grain15 10.45 3.58 73.24 1.90 4.01 3.03 12.30 1.64 
Grain16 17.31 0.62 61.32 0.26 6.83 0.24 14.54 0.58 
Grain17 27.19   61.10   3.03   8.68   
Grain18 15.58 1.41 68.91 1.12 6.26 1.05 9.25 0.78 
Grain19 21.72 3.03 65.00 4.66 0.96 0.21 12.33 1.84 
Grain20 18.90 7.03 61.65 2.82 6.37 4.18 13.07 0.46 
Grain21 17.50 0.72 71.77 2.65 4.07 0.18 6.66 2.11 
Grain22 19.08 0.91 69.43 1.57 4.47 0.19 7.03 1.18 
Grain23 10.31 3.72 66.94 2.82 9.56 1.49 13.19 1.20 
Grain24 17.24 3.12 72.50 2.91 2.37 0.15 7.90 0.76 
Grain25 9.68 1.84 69.49 1.75 8.82 1.21 12.01 1.91 
Grain26 11.65 2.44 62.58 1.35 4.37 0.63 21.39 2.02 
Grain27 6.17 0.82 62.54 1.49 3.33 0.96 27.96 1.93 
Grain28 3.09 1.08 65.55 1.43 8.41 0.09 22.95 1.90 
GrainD2 11.96 3.27 79.21 3.86 1.25 0.64 7.57 0.05 
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GrainD3 15.48   74.86   3.91   5.75   
GrainD4 13.37   76.49   0.44   9.70   
GrainD6 10.18 1.89 66.36 2.33 5.11 0.09 18.35 0.53 
GrainD7 15.86   76.78   4.33   3.03   
GrainD8 15.37   63.50   5.26   15.87   
GrainR1 22.48 6.68 65.21 6.61 1.99 0.84 10.33 0.90 
GrainR2 8.60   68.63   0.16   22.60   
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Table C.2: Scotland isotope ratio and age results 
Results for four attempts at dating detrital garnet from Scotland are presented.  
Each trial represents 3-4 grouped garnet grains grouped.  The isotope ratios 
have undergone offline correction for Gd, Sm, and Pr when possible.  Ages 
represent two-point isochron ages between a grouped garnet analysis and the 
leach from that garnet grouping.  Age errors are reported as 2σ.  Error on 
147Sm/144Nd is the internal run error or 0.023% of the 147Sm/144Nd ratio, 
whichever is worse.  Error on 143Nd/144Nd is the internal run error or long-term 
reproducibility of 0.512127 ± 0.000017 (32.5 ppm 2σ, n=72), whichever is worse. 
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APPENDIX D: Garnet Age Compilation 
This appendix provides a progress report on the compilation of all 
published garnet ages from peer-reviewed literature sources.  The majority of the 
appendix text and figures are derived from an abstract and poster presented on 
this project at the annual Geological Society of America meeting in Baltimore, 
Maryland, in 2015 (Maneiro and Baxter, 2015).  This project was initiated as a 
part of my dissertation, but due to the scope of the undertaking will be completed 
during my postdoctoral research.   
D.1 Motivation 
Garnet is an especially useful geochronometer since it can be dated by 
multiple decay systems (Sm-Nd and Lu-Hf), is found in metamorphic, igneous, 
and sedimentary rocks around the world, and can link temperatures and 
pressures to metamorphic ages through geothermobarometry and 
thermodynamic modeling.  Not only can garnet geochronology provide absolute 
age determination, but garnet ages have been used to investigate dewatering 
during subduction, the duration of metamorphic events, and the rates and 
durations of other critical tectonic processes.   
In the thirty-six years since the first garnet geochronology studies were 
published by van Breemen and Hawkesworth (1980) and Griffin and Brueckner 
(1980), geochronology methods have improved significantly and the published 
record of garnet ages has expanded rapidly.  A compilation of all published 
garnet ages to-date would provide a rich database useful for analysis of the 
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geologic community’s adoption and usage of garnet geochronology, 
determination of the current global coverage of garnet ages, and identification of 
questions to guide garnet geochronology improvement and inquiry into the future.  
Once complete the compilation will also be made available to the broader 
community for continued use in trend analysis and target study site identification.  
Much has been made of similar compilations of zircon ages, whose peaks have 
been widely analyzed and interpreted as a record of the global supercontinent 
cycle (e.g. Condie et al., 2009; Voice et al., 2011). Another goal of this project is 
to compile a similar, though much smaller, dataset for garnet that allows for 
analysis of similar trends and could serve as a complementary record. 
Given garnet’s potential to unlock valuable rate and condition information, 
garnet geochronology in areas preserving ancient tectonic information (e.g. 
Archean cratons) is of special interest as it could be used to clarify Earth’s 
earliest tectonic and metamorphic histories. However, old garnet must first be 
located in these critical settings to be of use. To our knowledge only one paper 
has reported a garnet isochron age exceeding three billion years (Cutts et al., 
2014). Perhaps garnet that old is simply not commonly preserved or never grew 
in the first place, marking a potential shift in tectonic conditions responsible for 
garnet growth and/or preservation in Earth’s past.  Or perhaps we know of so few 
ancient garnet grains because we have not yet looked in the right places, 
indicating potential geographic bias in the existing record; such biases have also 
been a subject of debate in zircon compilation records (e.g. Hawkesworth et al., 
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2009; Voice et al., 2011).  Compilation of all published garnet ages marks a first 
attempt to address the question of the completeness of the garnet record through 
Earth’s history and a critical step in the pursuit of Earth’s oldest garnet.  
D.2 Compilation methodology 
Compilation of all published garnet ages from the peer-reviewed literature 
is a sizeable undertaking.  For consistency, rules for garnet age compilation and 
exclusion criteria have been established.   
The complete compilation will contain published garnet ages using the 
Sm-Nd, Lu-Hf, Rb-Sr, and Pb isotope systems.  These four systems mark all 
known attempts at garnet geochronology.  However, the preliminary compilation 
currently focuses on Sm-Nd and Lu-Hf ages, as they have proven most reliable. 
While constructing the compilation, the goal is to record one age from 
each dated garnet zone, bulk rock, or detrital grain reported in a peer-reviewed 
literature source.  For articles with multiple reported ages, a different record will 
be created for each reported age.  All supporting information available in the 
article should also be added to each record.  The following information is 
currently included for each record as available: 1) reference information including 
a unique paper code for each reference, the author(s), the publication year, the 
article title, and the journal; 2) geologic setting information including the field area 
location details along with country and continent, the specific and general rock 
types, lithology description, peak pressure and temperature conditions, 
temperature range, and whether it is a cooling or growth age; 3) isotope results 
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including the isotope system, whether Nd (if measured) was run as a metal or 
oxide, the sample name, the sample type (bulk garnet, detrital garnet, zoned 
garnet), the calculated isochron age with 2 sigma uncertainty, MSWD, maximum 
parent-to-daughter ratio on the isochron, the daughter concentration for the point 
on the isochron with the highest parent-to-daughter ratio, and the number of 
points included in the isochron (number of garnet points, number of whole 
rock/matrix points, number of powder/other points); and 4) lab parameters 
including the location of the lab where the work was completed, the instrument 
model(s) used, the reported external precision for the parent-to-daughter ratio, 
the reported external precision for the daughter-to-daughter ratio, the reported 
blank, how zoned garnet was selected if applicable (bulk, handpick, drill), and if 
any efforts to clean the garnet were made (e.g. partial dissolution). 
All reported ages should be included unless they meet one of the following 
exception criteria.  Reported model ages for garnet are not included in the 
compilation.  Isochrons that are presented as “potential isochrons” and do not 
report an MSWD are not included in the compilation, unless it is a two-point 
isochron.  Information on garnet ages included in a paper exclusively to illustrate 
method development that do not report the MSWD, the age, or the sample name 
or location are excluded since they are missing critical reporting parameters.  
Ages that the authors report but subsequently discard during discussion due to a 
lack of confidence in the data or a data flaw are not included in the compilation.  
And finally negative ages, even if reported, are not included in the compilation. 
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Some studies report multiple bulk age isochrons or multiple ages for 
zoned garnet from the same sample.  To reduce the geographic bias during 
compilation, histograms of the compiled ages should include only one age for 
each sample dated within the same reference for each isotope system.  This can 
be accomplished by either reporting a “best age” or “accepted age” if identified by 
the author(s) within the paper or by calculating a weighted average of the 
multiple bulk ages published for a single sample if the authors do not provide a 
best or accepted age.  For zoned garnet ages, ages from different zones 
reflecting ages for the same event should be reported using a weighted average 
or the “accepted value” for the event if provided by the author(s).  However, if the 
zones date different metamorphic or igneous events rather than a single 
continuous event, one age for each event should be included in the histogram. 
D.3 Preliminary garnet age compilation 
Currently there are 433 garnet ages from 104 unique data sources 
included in the compilation.  Table D.1 is a reference list reporting the sources for 
all garnet ages currently included.   
Figure D.1 provides a graphical representation of the geographic coverage 
of the currently compiled ages.  There are at least two samples from every 
continent representing sample locations within forty-one unique countries. 
Using the completed portion of the compilation, preliminary histograms 
have been constructed for Sm-Nd garnet ages (Figure D.2) and Lu-Hf garnet 
ages (Figure D.3).  Figure D.4 combines garnet ages from both systems to give 
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the best overview of age trends within the preliminary compilation, although it is 
incomplete.  The shaded regions overlaying Figure D.4 show the location of 
peaks identified in a global zircon database by Voice et al. (2011) between 100-
300 Ma, 500-700 Ma, 1000-1200 Ma, 1700-2000 Ma, 2500-2700 Ma, and 3000-
3200 Ma.  Without a completed dataset it is too early to quantify whether garnet 
peaks are significant and whether they agree with the zircon peaks.  However, by 
visual inspection it is apparent that the oldest peak is currently absent in the 
preliminary garnet data and the two youngest peaks are difficult to distinguish 
from one another.  The other three potential garnet peaks seem to have the 
greatest likelihood of coincidence with zircon peaks. 
D.4 Preliminary trends and plots 
The preliminary data from the partially complete garnet database can be 
further used to look at trends that are already apparent within the small dataset.  
Figures D.5, D.6, and D.7 present plots illustrating preliminary trend results.  
Additional relationships and minor shifts in these presented trends are expected 
once the compilation is complete. 
Data quality and age reliability are major concerns when using published 
data from multiple sources or when using previously published ages in future 
studies.  Figure D.5 illustrates a known relationship between the final age 
precision and the parent-to-daughter ratios of the data used to calculate the 
associated isochron age to demonstrate the dataset’s utility.  Figure D.6 
investigates the reliability of garnet ages using proposed quality control criteria.    
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Age precision should generally improve as the spread between the data 
points with the minimum and maximum parent-to-daughter ratios on an isochron 
increases.  The parent-to-daughter ratio of the lowest point on an isochron 
generally varies minimally, since there is little variation in the parent-to-daughter 
ratio of many whole rocks and powders.  The highest point on the isochron 
should represent the cleanest garnet analysis, as clean garnet has a high parent-
to-daughter ratio.  The parent-to-daughter ratio of the highest garnet analysis 
may vary significantly between samples.  Ultimately, the highest point on the 
isochron exerts the greatest control over the slope of the isochron, determines 
how well-constrained the slope is, and influences the resulting age.  By plotting 
the highest parent-to-daughter ratio for an isochron against the resulting age 
precision in Figure D.5, the reported correlation between these two parameters 
can be visualized using the preliminary data.  However, since age precision is 
also impacted by the quality of the individual data points composing the isochron 
the trend is somewhat obscured without controlling for internal analytical 
uncertainty. 
Figure D.6 continues to focus on the highest point on the isochron by 
plotting the parent-to-daughter ratio of the highest point against the concentration 
of the daughter isotope for the same point for each isochron resulting in a 
compiled garnet age to examine data reliability. This plot can be divided into four 
quadrants using data reliability criteria suggested by Baxter and Scherer (2013) 
requiring a parent-to-daughter ratio greater than 1.0 and a daughter isotope 
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concentration of less than 0.5 ppm for reasonable certainty in the reliability of the 
resulting age.  The ages resulting from isochrons including garnet analyses that 
plot in the lower right quadrant should be considered the most reliable, as they 
meet both of the suggested data reliability criteria indicating a clean garnet 
analysis.  Ages associated with garnet analyses in the upper right and lower left 
quadrants are also likely reliable ages, but the data should be carefully examined 
to verify that the garnet analysis is clean.  Garnet growth in some geologic 
settings may result in garnet with naturally low parent-to-daughter ratios or 
naturally high daughter concentrations, but verification is required.  The garnet in 
the upper left quadrant, however, is likely being influenced by the presence of 
inclusions.   Ages resulting from garnet analyses in this quadrant may be 
inaccurate or at best the accuracy should be questioned.  Extreme caution 
should be used during interpretation of these ages or repeat analysis should be 
undertaken for verification.  Future studies should avoid publishing ages that do 
not meet at least one of the data reliability criteria without replication of the result, 
and the number of analyses in this quadrant indicates the need for a call to 
improvement within the broader community. 
Beyond age reliability another topic of interest investigated with the 
preliminary data is adoption of garnet geochronology over the past thirty-six 
years by the geologic community.  Figure D.7 uses two different plots to illustrate 
the adoption.  Panel A is a histogram showing the number of publications 
containing garnet ages included in the compilation by year.  The general trend 
  
275 
indicates that more studies containing garnet geochronology appear over time, 
likely due to wider adoption of the method by the community, increased 
productivity of core garnet research groups, or a combination of both.  Please 
note that garnet geochronology was developed in the 1980’s, but data from the 
earliest papers has not yet been added to the compilation so the earliest portion 
of the graph has not yet been populated.  Panel B plots each paper’s greatest 
spread between the parent-to-daughter ratios of two related points on an 
isochron against the year of publication of that paper.  The quality of data for an 
isochron generally improves with increased spread between the parent-to-
daughter ratios of the highest and lowest points, as the greater the spread in 
parent-to-daughter ratio the better the slope of the line is constrained and 
improvement in age precision is realized.  In general, greater spread in parent-to-
daughter ratios is reported in more recent studies.  This can be at least partially 
attributed to the development of partial dissolution techniques and other methods 
of attempting to remove inclusion contamination from the measurement of 
parent-to-daughter ratios for clean garnet.  As a rule of thumb, ages are most 
reliable when the spread in parent-to-daughter ratio is 1.0 or greater, as marked 
by the horizontal line.  Studies that fall below this cutoff suggested by Baxter and 
Scherer (2013) indicate that as a community we have continued room for 
improvement in the development or consistent adoption of methods for cleansing 
garnet of resistant inclusion populations.  Caution should be used when relying 
on age data with a spread in parent-to-daughter ratio below the 1.0 cutoff.  While 
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the data may be accurate and sufficiently precise, there is the potential for 
inaccuracy due to the impact of remaining inclusions. 
D.5 The search for the oldest garnet ages 
One of the primary motivations for construction of a full garnet age 
compilation is investigation of the existence of Earth’s oldest garnet ages.  Figure 
D.8 plots all fifty of the Archean ages contained in the preliminary compilation to 
demonstrate the initial distribution of Archean ages.  The Archean age 
distribution is sparse compared to the Archean record from detrital zircon, 
especially for ages exceeding 3.0 Ga. 
The isochrons for the four oldest ages within the initial compilation have 
been reproduced in Figure D.9 (Panels A-D).  The two oldest garnet ages come 
from the same paper by Cutts et al. (2014).  These are the only known garnet 
ages included in the compilation that exceed 3.0 Ga.  Both ages are from the 
same sample but use different isotope systems (Sm-Nd or Lu-Hf).  The parent-to-
daughter ratios reported are very low and exhibit a limited range.  While it is 
possible that these ages are accurate, there is concern that the garnet analyses 
are being strongly influenced by the inclusion population.  This study needs to be 
replicated, as it would fall within the least reliable quadrant based on reliability 
criteria as discussed above for Figure D.6.  The third oldest garnet age was 
published by Kruger et al. (1998).  The garnet for this isochron meets the 
reliability criteria with a parent-to-daughter ratio exceeding 1.0.  However, the 
MSWD for this isochron is very low, indicating that the error has likely been 
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overstated and should be reexamined. Finally, the fourth oldest age was 
published by Smit et al. (2013).  This age, like the two oldest ages, suffers from 
low parent-to-daughter ratios and needs to be replicated for verification.  Data 
quality is a major concern for the oldest garnet analyses located in the literature 
record for the preliminary compilation.  Future work on dating the Earth’s oldest 
garnet needs to start by replicating and confirming ages from known localities 
with apparent Archean garnet ages. 
Additional questions about why the Archean garnet record is sparse 
remain.  Further work on identified Archean localities and potential Archean 
localities not yet dated by garnet are needed to differentiate between different 
contributing factors.  It could be a matter of preservation, of sampling bias, or 
even representative of a fundamental tectonic shift, but further work is needed 
prior to speculation. 
D.6 Plan for remaining work 
Completion of the garnet age compilation and publication of results will 
take place during my postdoctoral research at Boston College beginning in 
September of 2016.  The primary remaining task is finishing the compilation.  For 
Sm-Nd and Lu-Hf garnet ages, many of the papers published by the active, high 
volume research groups have already been compiled.  Older papers and 
publications by scientists making a limited foray into garnet geochronology will 
constitute the majority of the remaining Sm-Nd and Lu-Hf ages to be added.  
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Attempts at garnet geochronology by Pb and Rb-Sr isotopes also need to be 
added to the compilation. 
Once the compilation is complete, statistical analysis to quantitatively 
determine garnet age peaks and their potential agreement with zircon peaks 
should be undertaken.  Additionally, trend analysis as discussed above can be 
undertaken using the finalized dataset.  Trends not currently visible within the 
preliminary dataset may become apparent once additional ages are added.  
Following publication of results, the compilation will be released for community 
use. 
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Table D.1: Current reference list for compilation   
The author, publication year, article title, and journal are provided for the sources 
of all garnet age data currently compiled.   
 
Authors Year Title Journal 
Amato, J.M., 
Johnson, C.M., 
Baumgartner, L.P., & 
Beard, B.L. 
1999 
Rapid exhumation of the Zermatt-Saas 
ophiolite deduced from high-precision Sm-Nd 
and Rb-Sr geochronology 
EPSL 
Anczkiewicz, R. 
et al. 
2007 
Lu-Hf geochronology and trace element 
distribution in garnet: Implications for uplift 
and exhumation of ultra-high pressure 
granulites in the Sudetes, SW Poland 
Lithos 
Anczkiewicz, R., 
Chakraborty, S., 
Dasgupta, S., 
Mukhopadhyay, D., 
& Koltonik, K. 
2014 
Timing, duration and inversion of prograde 
Barrovian metamorphism constrained by high 
resolution Lu-Hf garnet dating: A case study 
from the Sikkim Himalaya, NE India 
EPSL 
Anczkiewicz, R., 
Platt, J.P., Thirlwall, 
M.F., & 
Wakabayashi, J. 
2004 
Franciscan subduction off to a slow start: 
evidence from high-precision Lu-Hf garnet 
ages on high grade-blocks 
EPSL 
Anczkiewicz, R., 
Thirlwall, M., Alard, 
O., Rogers, N.W., & 
Clark, C. 
2012 
Diffusional homogenization of light REE in 
garnet from the Day Nui Con Voi Massif in N-
Vietnam: Implications for Sm-Nd 
geochronology and timing of metamorphism in 
the Red River Shear Zone 
Chem Geol 
Baratoux, L. et al. 2015 
Sm-Nd garnet metamorphic ages in the Bole-
Nangodi Belt, Ghana 
Conference 
Proceeding 
Baxter, E.F., Ague, 
J.& DePaolo, D. 
2002 
Prograde temperature-time evolution in the 
Barrovian type-locality constrained by Sm/Nd 
garnet ages from Glen Clova, Scotland 
J Geol Soc, 
London 
Beard, B.I. et al. 1995 
Geochronology and geochemistry of eclogites 
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Figure D.1: World map with current geographic coverage of garnet ages  
(modified from https://www.loc.gov/item/2003684341) 
The sample location for each garnet age currently included in the compilation is 
marked by a white star within a red circle.  Some markers are not visible since 
they overlap.  The world map used as the basis for the figure was produced by 
the United States Central Intelligence Agency. 
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Figure D.2: Sm-Nd age compilation histogram 
This histogram shows all the compiled garnet ages using the Sm-Nd isotope 
system.  One age is reported for each unique sample. 
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Figure D.3: Lu-Hf age compilation histogram 
This histogram shows all the compiled garnet ages using the Lu-Hf isotope 
system.  One age is reported for each unique sample. 
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Figure D.4: Sm-Nd and Lu-Hf garnet ages – Preliminary compilation 
histogram   
This histogram shows all currently compiled garnet ages using both the Sm-Nd 
and the Lu-Hf isotope systems.  One age is reported for each unique sample 
regardless of isotope system.  The grey overlay regions indicate the age peaks 
identified in a zircon compilation by Voice et al. (2011) for comparison. 
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Figure D.5: Relationship between the maximum parent-to-daughter ratio 
and the resulting age precision of an isochron   
Age precision generally improves as the spread between the points with the 
minimum and maximum parent-to-daughter ratios on an isochron increases.  The 
parent-to-daughter ratio of the lowest point on an isochron generally varies 
minimally, since there is little variation in the parent-to-daughter ratio of many 
whole rocks and powders.  The highest point on the isochron should be the 
cleanest garnet analysis, as clean garnet has a high parent-to-daughter ratio.  
The parent-to-daughter ratio of the highest garnet analysis may vary significantly 
between samples and controls the spread in parent-to-daughter ratio.  Ultimately, 
the highest garnet analysis also exerts the greatest control over the slope of the 
isochron and resulting age.  By plotting the highest parent-to-daughter ratio for 
an isochron against the resulting age precision, the reported correlation between 
these two parameters can be seen in the preliminary data.  However, since the 
quality of individual point analyses also influences the resulting age precision, the 
plotted relationship is imperfect. 
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Figure D.6: Data quality of garnet ages included in the preliminary 
compilation   
The data has been divided into four quadrants using cutoffs of 1.0 for parent-to-
daughter ratio and .5 ppm for the concentration of the daughter isotope as 
suggested by Baxter and Scherer (2013) for use in determining data reliability.  
The ages resulting from garnet analyses that plot in the lower right quadrant 
should be considered the most reliable, as they meet both the criteria of having a 
maximum parent-to-daughter ratio above 1.0 and a garnet daughter 
concentration below 0.5 ppm indicating a clean garnet analysis.  The upper right 
and lower left quadrants are likely also reliable ages, but the data should be 
carefully examined to verify that the garnet analysis is clean but simply has a 
lower than normal parent-to-daughter ratio naturally or naturally has a high 
daughter concentration, which can happen in some geologic settings.  The 
garnet in the upper left quadrant, however, is likely being influenced by the 
presence of inclusions.   Ages resulting from garnet analyses in this quadrant 
may be inaccurate or may be accurate but uncertain.  Extreme caution should be 
used during interpretation of these ages or repeat analysis should be undertaken.  
Future studies should avoid publishing ages that do not meet at least one of the 
data quality markers. 
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Figure D.7: Trends in community adoption of garnet geochronology   
Panel A illustrates a preliminary trend toward increased use of garnet 
geochronology through time based on the number of compiled sources 
containing garnet ages arranged by publication year.  Panel B examines the 
quality of garnet geochronology published through time.  The greatest difference 
between the parent-to-daughter ratio of the highest and lowest points for the best 
isochron in each paper is plotted against the year of publication.  A preliminary 
trend toward increased maximum spread in parent-to-daughter ratio over time is 
visible by plotting the highest quality data from each published paper.  
Additionally, the cutoff proposed by Baxter and Scherer (2013) of 1.0 is plotted 
as a solid green line.  Points falling below this cutoff should be approached with 
caution and indicate room for continued improvement in sample processing to 
achieve greater spread in parent-to-daughter ratios. 
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Figure D.8 Histogram of Archean ages 
All of the included garnet ages with an Archean age are plotted in the histogram.  
This data is critical to identification and investigation of the locations with Earth’s 
oldest known garnet to-date.  Currently there are fifty Archean ages included in 
the compilation (39 Sm/Nd and 11 Lu/Hf). 
 
 
 
 
 
  
C
o
u
n
t 
Reported Sample Age (Ma) 
Archean Garnet Age Compilation 
  
297 
 
 
Figure D.9:  Isochrons for the four oldest published garnets included in the 
preliminary compilation (Cutts et al., 2014; Kruger et al., 1998; Smit et 
al., 2013)   
The published isochrons for each of the four oldest garnet ages identified in the 
literature record during the preliminary compilation have been reproduced as 
panels A through D.  Panel A and B:  The two oldest garnet ages come from the 
same paper by Cutts et al. (2014).  These are the only known garnet ages 
included in the compilation that exceed 3.0 Ga.  Both ages date the same sample 
but use either the Sm-Nd or Lu-Hf isotope systems.  Note the low parent-to-
daughter ratios reported.  While it is possible that these ages are correct, there is 
concern that the garnet analyses are strongly influenced by the inclusion 
population.  This study needs to be replicated.  Panel C:  The third oldest garnet 
age was published by Kruger et al. (1998).  This age includes garnet that meets 
the reliability criteria with parent-to-daughter ratios exceeding 1.0.  However, the 
MSWD for this isochron is very low, indicating that the error has likely been 
overestimated and should be reexamined. Panel D:  The fourth oldest age was 
published by Smit et al. (2013).  This age also suffers from low parent-to-
daughter ratios and needs to be replicated for verification.  Data quality is a 
concern for the oldest garnet analyses. 
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APPENDIX E: Collaboration with David Collings 
David Collings spent two months as an outside visitor to the Boston 
University TIMS facility from May 15, 2012 to July 13, 2012.  He was working to 
date garnet from Bulgaria to help constrain tectonometamorphism in the region 
and provide supporting age data for a new microdiamond UHP location in the 
Bulgarian Rhodope Mountains.  I was paired with David to help him design 
experiments, complete preliminary analyses prior to his arrival, complete 
unfinished analyses after his departure, teach him laboratory procedures along 
with Denise Honn (laboratory manager), and contribute to data interpretation and 
presentation of results as a coauthor.  Together we work on nine different 
samples using bulk garnet and whole rock Sm-Nd garnet geochronology and 
also made one attempt at zoned garnet geochronology with the aid of Besim 
Dragovic. 
Some results from this collaboration have already been published in 
Collings et al. (2016); I was a coauthor on that work.  Additionally, the preliminary 
results had been previously presented in two conference abstracts and 
presentations (Collings et al., 2013; Collings et al., 2013).  Additional ages from 
the eclogites and outside of the central portion of the Bulgarian Rhodopes remain 
unpublished, although a second paper is planned.  A summary of the isotope 
ratios determined during this collaborative project are provided as Table E.1 and 
corresponding ages are provided as Table E.2. 
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Table E.1: Isotope ratios from garnet in the Bulgarian Rhodopes 
determined during collaboration with David Collings 
Analyses were a joint effort between David Collings, Kathryn Maneiro, and 
Denise Honn.  147Sm/144Nd errors are reported as the higher of the long-term 
external reproducibility (0.023% of 147Sm/144Nd) or the 2 sigma internal run error.  
143Nd/144Nd errors are reported as the higher of the long-term external 
reproducibility (0.512132 ± 0.000016) or the 2 sigma internal run error.  The 
143Nd/144Nd long-term reproducibility was negatively impacted by cup poisoning 
on the instrument that occurred during the study period.  
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Table E.2: Ages from garnet in the Bulgarian Rhodopes determined during 
collaboration with David Collings 
Two-point and multi-point isochron ages are reported from a joint effort by David 
Collings, Kathryn Maneiro, and Denise Honn.  Ages presented in bold are the 
preferred age for each sample.  No age is reported for samples 22-1-10 because 
all 147Sm/144Nd for the garnet analyses was < 0.3, indicating potential age 
inaccuracy due to unclean garnet analyses.  No age is reported for sample 45-1-
11 because a whole rock analysis was not made.  
 
Sample Age (Ma) Error (Ma) MSWD 
38-1-11 Grt 1 67.8 4.6 n.a. 
38-1-11 Grt 2 80.6 3.2 n.a. 
3-1-10 Grt 1 70.4 2.9 n.a. 
3-1-10 Grt 2 70.8 3.6 n.a. 
3-1-10 all 70.5 2.7 0.067 
2-1-11 Grt 89.7 2.7 n.a. 
47-1-11 Grt 1 91.7 7.2 n.a. 
47-1-11 Grt 2 100 11 n.a. 
47-1-11 all 92.7 7.1 2.8 
27-1-10 Grt 89.3 5.9 n.a. 
27-1-10 Zone 1 485 2.4 n.a. 
27-1-10 Zone 2 75 6.9 n.a. 
27-1-10 Zone 3 81.5 3.6 n.a. 
27-1-10 Zone 4 84.2 4.4 n.a. 
27-1-10 Zone 5 83.2 4.1 n.a. 
27-1-10 WR, Grt, Zones 2-5 87 12 3 
27-1-10 WR, Grt, Zones 3-5 83.6 2.9 1.9 
11-1-11 Grt 37.6 1.5 n.a. 
22-1-11 Grt 74.0 4.4 n.a. 
22-1-10 no age - no clean garnet 
45-1-11 no age - no whole rock 
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APPENDIX F: Collaboraiton with Lenka and David Baratoux 
Lenka and David Baratoux spent one month as outside visitors to the 
Boston University TIMS facility from April 14, 2014 to May 15, 2014.  They were 
working to date garnet from the Bole-Nangodi belt in Ghana.  This region has 
been sparsely studied and they were especially interested in constraining the 
timing of metamorphism and determining whether old ages were preserved in the 
garnet cores.  I was paired with Lenka and David to assist with experimental 
design, teach them laboratory procedures along with Denise Honn (laboratory 
manager), wrap up some analyses once David and Lenka left, and aid in data 
interpretation.  Together we dated two different samples using bulk garnet and 
whole rock Sm-Nd garnet geochronology.  They also used a microdrill to sample 
cores and rims from multiple garnets to attempt grouped, zoned garnet ages for 
each of the samples with assistance from Besim Dragovic. 
Results from this work were presented at Goldschmidt in Prague in 2015 
(Baratoux et al., 2015).  Submission of a peer-reviewed journal article is planned 
in the future.  A summary of the ages determined during the collaborative project 
are provided in Table F.1. 
Reference 
 
Baratoux, L., Honn, D., Baratoux, D. Eccles, K.A., Baxter, E., Dragovic, B., Block, 
S., and Jessell, M.W., 2015, Sm-Nd garnet metamorphic ages in the Bole-
Nangodi belt, Ghana, Goldschmidt Conference, Prague, Czech Republic. 
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Table F.1: Isotope ratios from garnet in Ghana determined during 
collaboration with Lenka and David Baratoux 
Analyses were a joint effort between Lenka Baratoux, David Baratoux, Kathryn 
Maneiro, and Denise Honn.  147Sm/144Nd errors are reported as the higher of the 
long-term external reproducibility (0.023% of 147Sm/144Nd) or the 2 sigma internal 
run error.  143Nd/144Nd errors are reported as the higher of the long-term external 
reproducibility (± 0.000009) or the 2 sigma internal run error. 
 
Sample 
147Sm 
144Nd 
2 sigma 
error 
143Nd 
144Nd 
2 sigma 
error 
BN436 
garnet T1 1.521659 0.000350 0.531192 0.000009 
garnet T2 1.584146 0.000364 0.531975 0.000009 
garnet T3 1.479872 0.000340 0.530557 0.000009 
garnet cores 1.611985 0.000371 0.532424 0.000009 
garnet rims 1.451662 0.000334 0.530213 0.000009 
slab matrix 0.119849 0.000028 0.511601 0.000009 
bulk matrix 0.121090 0.000053 0.511635 0.000015 
whole rock 0.188648 0.000049 0.512556 0.000016 
BN928 
garnet T1 2.196075 0.000505 0.540397 0.000013 
garnet T2 2.036708 0.000468 0.538205 0.000010 
garnet T3 1.999611 0.000460 0.537661 0.000010 
garnet cores 1.556311 0.000358 0.531558 0.000012 
garnet rims 2.439238 0.000580 0.543996 0.000021 
slab matrix 0.116656 0.000027 0.511585 0.000009 
bulk matrix 0.116168 0.000027 0.511583 0.000009 
bulk matrix 2 0.118598 0.000123 0.511606 0.000011 
whole rock 0.121615 0.000047 0.511638 0.000013 
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Table F.2: Ages from garnet in Ghana determined during collaboration with 
Lenka and David Baratoux 
Two-point and multi-point isochron ages are reported from a joint effort by Lenka 
Baratoux, David Baratoux, Kathryn Maneiro, and Denise Honn.  Ages presented 
in bold are the preferred age for each sample.   
 
Sample Age (Ma) Error (Ma) MSWD 
BN436 
multi-point all 2117.9 6.5 35 
garnet T1 + whole rock 2122.9 2.1 na 
garnet T2 + whole rock 2113.1 2 na 
garnet T3 + whole rock 2116.9 2.2 na 
garnet core + whole rock 2119.6 2 na 
garnet rims + bulk matrix 2120.2 2 na 
BN928 
multi-point all 2106.5 5.5 54 
multi-point all - garnet rims 2104.7 1.9 5.4 
garnet T1 + whole rock 2105.2 1.4 n.a 
garnet T2 + whole rock 2106.6 1.4 n.a. 
garnet T3 + whole rock 2104.3 1.4 n.a. 
garnet core + whole rock 2108.4 1.9 n.a. 
garnet rims + bulk matrix 2119 1.5 1.16 
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